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ABSTRACT
The S„2 reaction (l) between tetra-alkyltins and mercury(ll) 
salts has been studied kinetically (R « Me, Et, Prn, Pr1, Bu11, Bu1,
Pene0; X ~ OAo in solvents methanol and tertiary butanol at 30 °C, 
and R = Me, Et; X » Cl, I, OAc in solvents methanol, ethanol, 
n-propanol, n-butanol and tertiary butanol at 25 °c).
R ^Sn + HgX2 — — » . R^SnX +  RHgX ( 1)
The following order of reaction rates was observed for (l), X = OAc,
in solvent methanol:
R » Me > Et > Pr11 > Bun > Bu1 > Pe1180 > Pr1 (2)
Although this sequence is probably steric in origin, it is not
the same sequence as is observed in S^2 reactions, and in Sg2
reactions which proceed with inversion of configuration at the 
substituted carbon atom (S^2(open)lnv reactions). It is suggested 
that reaction (1) in methanol proceeds with retention of configuration 
at the substituted carbon atom, by mechanism Sg2(open)Ret,
It is further suggested that the stereochemical course of Sg2(open) 
reactions of substrates RMX^ may be deduced from a consideration of 
the constitutional effects of alkyl groups (r) on the rate of reaction; 
if these effects parallel steric effects in S^2 reactions, then 
mechanism Sg2(open)lnv is indicated, but if the constitutional effects 
parallel those found for reaction (1) in methanol (sequence (2)) then 
mechanism Sj-,2( open) Ret is indicated. In this way, stereochemical 
assignments for a number of other S^2(open) reactions have been deduced.
Calculations haye shown qualitatively and semi-quantitatively 
that the reactivity sequence (2) does indeed arise from steric effects, 
mainly in the transition state, in reaction (1). Similar calculations
3were also carried out on the S^2 reaction between bromide ion and 
alkyl bromides, and it was demonstrated that the different steric 
effects in inversion and retention reactions are a result of the 
different geometrical shapes of the transition states.
Standard free energies of the reactants in (l) (R = Me, Et;
X = Cl, X, OAc) were determined for transfer between the five 
alcoholic solvents, and combination of these initial state solvent 
effects with the kinetic data enabled transition state solvent 
effects to be calculated for the reactions.
It was concluded that the transition states in these Sg2(open)Ret 
reactions behave as polarisahle species, with quite a high degree 
of charge separation.
The S^2 reaction (5) was also studied kinetically, in solvents 
water, methanol, ethanol, n-propanol, isopropanol, n-butanol, 
tertiary butanol, ethyl acetate, ethyl benzoate and acetonitrile, 
at 25 °C.
Et^N + EtI  ----> Editor (3)
Gas-liquid chromatography was used to determine terminal values 
of Raoult's law activity coefficients for both reactants, in a large 
number of solvents, thus permitting a dissection of solvent effects
c
on the reaction into initial and transition state effects, for more 
than 30 solvents.
It was concluded that the transition state in this Menschutkin 
reaction behaves as though it were a polarisable non-electrolyte, 
rather than an ion pair, and that in many solvents, the effects are 
due to specific solvent-solute interactions.
4ACKNOWLEDGMENTS
The work described in this thesis was carried out under 
the supervision of Dr. M. H. Abraham, to whom I would like 
to express ray sincere gratitude for his encouragement, advice 
and enthusiasm.
Thanks are also due to Dr. M. J. Hogarth, for his 
invaluable help with parts of the computing.
Finally, an S.R.C. award is gratefully acknowledged.
5Abstract 2
Acknowledgments . 4
Contents 5
Introduction 7
Section 1 General Introduction 8
Section 2 The Effects of Alkyl Groups on the Rates 15
of S^2 Processes
Section 5 The Effects of Alkyl Groups on the Rates 19
of S^2 Processes
Section 4 Calculation of S^2 Steric Effects by Hughes 36
and Ingold
Section 5 Calculation of S^2 Steric Effects by Hogarth 50
Section .6 Solvent Effects on Reaction Rates 64
Section 7 Initial State and Transition State Solvent 78
Effects
Discussion 94
Section 8 Steric Effects in Sw2 and S„2 Reactions 95E N
Section 9 Calculation of S^2 and S^2 Steric Effects ' 122
Section 10 The Effects of Hydroxylic Solvents on Rates 153
of Reactions
Section 11 Dissection of Solvent Effects on S^2 Reactions 165
into Initial State and Transition State Effects 
Section 12 Solvent Effects on S^ T2 Reactions 175
■Section 13 Dissection of Solvent Effects on an S^ .2 1'87
Reaction into Initial State and Transition 
State Effects
CONTENTS
Page
6Section 14 General Conclusions 204
Experimental 210
Section 15 Preparation and Purification of Materials 211
Section 16 Kinetic Studies 220
The reactions R.Sn + Hg(0Ac)o in MeOH 2214
The reactions R^Sn + Hg(0Ac)2 in Bub0H 2 %
The reactions R^Sn + HgX^ in R ’OH 247
The reactions Et N + EtI 2663
Section 17 Solubility Studies 274
Section 18 Chromatographic Studies 278
Section 19 Computer Programs 287
Program C05A 288
Program C05P 293
Program C05B 296
Program C052 • 303
Program C051 317
Program C05D 327
Page
References 330
INTRODUCTION
SECTION 1
General Introduction
9Nucleophilic substitutions at saturated carbon atoms are 
heterolytic reactions in which a nucleophile N (an electron-rich 
species) attacks a saturated carbon atom to displace the group X
with transfer of an electron pair from N to the reaction centre, 
and hence to X0
Conversely, electrophilic substitutions at saturated carbon 
atoms are heterolytic reactions in which an electrophilic reagent
molecule or ion, the electron pair binding the leaving group to 
the substrate remaining attached to the carbon atom throughout 
the reaction.
Whereas nucleophilic substitutions are very common amongst 
classical organic compounds, electrophilic substitutions are not
which is the opposite to that generally found in aliphatic 
compounds. However, carbon-met al o'-bonds are polarised in this 
direction, and therefore organometallic compounds would be expected 
to function as substrates suitable for electrophilic substitutions; 
this is indeed found to be true.
• The notation generally used for electrophilic reactions is
N X
E (an electron-deficient species) displaces the group Y from a
E Y+
so common, because one of the requirements for electrophilic
attack is a bond polarity in the sense
10
that RMX is an organometallic substrate, R is the moving group, 
containing the saturated carbon atom at which substitution will 
occur, and MX is the leaving group, containing the metallic atom 
M, and n X-groups, where X may, or may not, be equal to R. The 
attacking reagent is written E-H, where E is the electrophilic, 
and N the nucleophilie centre.
It will be useful to list here the various mechanisms which 
are possible for substitution at saturated carbon, along with their 
expected stereochemical outcomes. Uncatalysed reactions will be 
dealt with' first.
Unimoiecular nucleophilic substitution (.3^ 1)
The reaction is characterised by an initial, slow, rate- 
determining formation of a carbonium ion, which precedes attack 
by the nucleophile. If the carbonium ion has enough time to attain
'top— x -slow> 1+ + X” .
7  /  V
to* + S fas'c> 7 c — n+
/ V  u
its planar configuration, then the subsequent nucleophilic attack 
can be either from the front or the back, resulting in racemisation. 
If, however, the nucleophilic attack occurs before planarity has 
been achieved, it is likely to be preferentially from the unhindered 
(back) side, producing partial inversion of configuration^.
Bimolecular nucleophilic substitution (3^2)
Reaction occurs through a transition state in which five 
pairs of electrons are arranged around the central carbon atom.
The energetically most favourable shape for this is a trigonal 
bipyramid, and the stereochemical course of the reaction is 
always inversion11,2
Internal nucleophilic substitution (S^i)
An example of reaction by this mechanism is the replacement 
of HO by Cl , using thionyl chloride„
R\  ^x.
;c —oh + socn — > p e r 7s = o  -> x .c — c i + so0ry 'J  2 d r-'V 2R R Cl R
Attack thus takes place with retention of configuration at the
•isubstituted carbon atom 0
Unified mechanism of nucleophilic substitution
3 4. The proposal here 9 is that all nucleophilic reactions 
proceed through an ion pair intermediate„
s  .R— X s s R X — — » R— H + X
\ N reaction withnucleophile, or solventR + X~
S,_1 \ nh \ reaction with
nucleophile, or 
'R— N solvent
If the rate-determining step is the formation of the ion pair, 
this will result in S,^1-type kinetics, but if the rate-determining 
step is the nucleophilic attack on the ion pair, S^2~type kinetics
12
will be observed. These are the two extremes of a mechanistic 
spectrum which includes competitive rates of formation and 
destruction of the ion pair.
Unimolecular elect.ronhilio substitution (S~,l)
In an analogous manner to the S,^1 reaction, there is an
5initial, slow ionisation to form a carbanion , which then reacts
with the electrophile,
slow
R— MX yp-;r- R" + TMXn last n
R“ + a— N  > R— E + Ir
The stereochemical outcome of the S^l mechanism can be inversion, 
retention or raceraisation, according to the experimental conditions
Bimolecular eleotrophi.lic substitution (S_,2)
7It has been suggested that within the classification of S„2 
reaction , there is a wide spectrum of mechanisms, which depend 
on the relative dominance of electrophilic and nucleophilic attack, 
(a) 8^2 ( open)
In the transition state of a bimolecular electrophilic reaction, 
there will only be four pairs of electrons surrounding the central 
carbon atom. Two open shapes are therefore energetically possible.
I \  ,--xN— S— C Y ;ck^
6
II
Shape I will result in inversion of configuration, whilst II will
8 Qgive retention. Both stereochemical outcomes have been observed 9 
and the mechanisms will be denoted Sg2(open)lnv and S^C open) Ret.
13
Electrophilic attack is dominant here, the nucleophilic pole of 
the reagent having very little effect. Other workers omit the 
qualification ’(open)1 in their nomenclature; we use it in order 
to distinguish these mechanisms from others with closed, or cyclic 
transition states.
( b) Sn2(cyclic)
ill
If attack of the nucleophilic part of the reagent is synchronous
with its electrophilic attack, a cyclic transition state will 
10result
f a:c<^ > n
f a * '
Retention is the only possible stereochemical outcome. Other 
notations for this type of reaction have included S^i, S^2, 3^2. 
However, the term S^2(cyclic) gives the most information about 
the mechanism, and will therefore be adopted here.
(c) 2(co—ord)
If there is a strongly nucleophilic centre in the attaching
reagent, this may coordinate with the metal atom in an initial
11step, to be followed by the electrophilic cleavage .
RMX + E— N ---- > Rfa /\n --- > R— E . + NMXn \ n
E  N
Retention of configuration at the substituted carbon atom will 
result. The designation S^C has been used by some workers.
Catalysed reactions
Catalysis of the above mechanisms is possible. Nucleophilic 
1reactions are catalysed by electrophiles such as silver and
14
mercury ions, which will coordinate with the forming halide ion
in, for example, a solvolysis reaction, and assist the breaking
of the carbon-halogen bond. Conversely, electrophilic reactions
5may be catalysed by nucleophiles . The nucleophile may complex 
reversibly in a pre-rate-determining step, and the new substrate 
will then react either by an S„1 or an S,,2 mechanism.
J il lh
M X  + N — ' ^  MIX iin n
SECTION 2
The Effects of Alkyl Groups on the
Rates of S^2 Processes
• r. Vi. .'..A
16
can have a very marked effect on the rate, and on the mechanism
12 13of substitution. It was predicted by Hughes and coworkers * . *
that in the solvolyses of a series of a-methylated alkyl halides,
or sulphonium ions, the mechanism of nucleophilic attack would
change with the structure of the substrate, from S,^ 2 for the
primary alkyl groups to S^-1 for tertiary groups, the actual
changeover region depending on the prevailing experimental
conditions. Their experimental results x-rere reported in
subsequent papers, and these confirmed^-^  the earlier predictions.
1 7-21Numerous S^2 reactions have 'been studied , and the 
observed rate sequence, with respect to the substituted group, is ■ 
always of the relative order
Me )> Et ]> Prn / higher n-alkyl [> Bto ]> Pr2" > Bax' )> pene0
For example, in the reaction betx^ een alkyl bromides and bromide
o 22ion, in acetone at 25 C, the relative rates are
Me(76.5) Et(uOO) Prn(o«65) Bu/OoO^) Pr^O.Ol) Pene°(l .5x10”5
Because the bond making and bond breaking processes proceed 
at the same time in S^ _2 reactions, Hughes and coworkers suggested 
that inductive effects-would be small in comparison with steric 
effects, and they demonstrated this quantitatively by evaluating^* ^  
the steric and polar effects.
The S^2 reactivity sequence lends itself well to a linear 
free energy treatment, in which the rate of any particular reaction 
can be expressed concisely as
klog = ra
ko
The structure of the substrate in  a nu cleoph ilic  reaction
w-s I" .
17
In this equation, k is the rate coefficient for reaction of an 
alkyl halide with a given nucleophile under fixed conditions, and 
k^ is the rate coefficient for reaction of the corresponding ethyl 
halide under the same conditions. The equation includes a reaction 
constant, r, and a structural constant, a.
25Okamoto and coworkers successfully used this relationship 
to describe 35 S^2 reactions of alkyl halides. For their values 
of cc9 they chose the arithmetic mean of all the different reaction 
rates of the group R relative to ethyl, (log kDV - log kn,v)xCA .6"CA SiV»
Their a-values compared very favourably with those which 
26Streitwieser had obtained from 21 reaction series for simple
2 7allcyl halides, and also with the values found by Parker and Cook 
as shown in the table below. Note, values are given relative to Me
Alkyl reactivity constants for S^2 reactions
a b c
Me 0.000 0.0 0.00
St -1.308 -1.5 -1.57
Prn -1.667 -1.9 -1.73
Bu11 -1.679 -1.9 '
Pr1 -2.923 -3.1 -3.31
Bu1 -2.695 . -3.0 -3.05
■n neo Pe -6.183 -6.5 -6.77
■ 0. Bu° -4 o 393d A-4.6 -4.66
a values from Ref. 25 b values from Ref. 26
c values of (log R^Br ” -*-°& kEtBr^ ^°r excdlan&’e reaction 
between RBr and chloride ion in DKF at 25 °0? Ref. 27 
d values obtained from plots against the values in column c
18
25Okamoto and coworkers found that the values of the 
reaction constant, r, varied over a very small range for all the 
reactions considered, indicating that relative rates in S^2 
reactions are really very similar, regardless of the actual 
reaction being studied.
SECTION 3
The Effects of Alkyl Groups on the 
Rates of S^ ,2 Processes
20
clA major difference between S„2 and S„2 reactions is the ° N E
stereochemistry of substitution. As mentioned in Section 1, 
inversion is the only possible outcome for the S^2 mechanism, 
but for the S1P2 mechanism, the electron distribution in the
ill
transition state can result theoretically in two different shapes.
I \
h— E— c---r ;c<;
/ \  X }  N ■
I II
17When Hughes and Ingold first suggested the S^2 mechanism,
they thought it would be analogous to S^2, and proceed with
inversion of configuration at the substituted carbon atom,
5 28 29through I, but later 9 9 it was recognised that retention,
through transition state II, was also a possibility.
The stereochemical course of the 3 2  reaction has thereforeill
received a lot of attention, and the following table summarises 
the. results of these investigations. In the table, 0 denotes a 
centre labelled with optical activity, and * a centre labelled with 
radioactivity.
Two broad conclusions may be drawn from the table; metal- . 
for-metal substitutions apparently proceed with retention of 
configuration at the substituted carbon atom, whilst in the 
halogenation reactions, both inversion and retention have been 
observed.
a The general term 'S~21 is used to denote a bimolecularii
electrophilic reaction for which the nature of the transition 
state is not further specified.
Stereochem istry of reaction
21
(a) Metal-for-nietal substitutions
Reaction Outcome Ref,
sBu°Hg( OAc) + Hg'V(0Ac)2 ^=fesBu°Hg/:'(0AO) + Hg(0Ac)2 
in ethanol at 59 »S °C Retention 30
sBu°HgBuS + HgX2 — sBu°HgX + BuSHgX
X = Br, OAc, NO in ethanol at 0 °G0 Reaction also
studied with different electrophilic systems, such
as HgBrp + 3BiNr Retention 8,31
sBu°Hg*X + BuS2Hg — > sBu°Hg*Bus + BuSHgX
X = Br, OAc at 35 °0, X = NO^ at 0 °C, in ethanol. Retention 32
both reactions in acetone, dioxan or iso-butanol,
at 120-135 °G Retention 34
a OCH 0TT ,, /fe^OGH
| "3 + Hg Gl — > [ [ ^  + Hg(neophyl)Cl
Hg — CH-— G— 0 JEL  ^ Gl2 | b p
CH
in ether at -5 °C Retention 28
) 2 H g  +  H g B r ,
H
COOR
-> 2<^ //~<?— HgBr 
H
COOR
R  =  ( - ) - m e n t h y l  ( C ^ H ^ )  i n  c o l d  a c e t o n e R e t  e n t i  o n  3 5  ,  3 6
CO E t  /=v I 2
— C — H g B r  +  H g  B r 2  ^
CO E t  /==\ I 2 *A fe— C— Hg Br + HgBr,.
H
i n  7 0 $  a q u e o u s  d i o x a n  a t  5 9 . 2  WC R e t e n t i o n  3 7
\\ //
f 2 G10H19 0 H g B r  +  2 N H ,1 ■ 
H
\\ //
G°2°10H19 =
•Hg-
H C O .C  H , „  
2  1 0  1 9
R e t e n t i o n  3 5 , 3 6 , 3 8
H2Hg +
C H .
HgBr, - >  2 R H g B r
H
R  =  h — C — C H CH -— CI 2 2 i
C H, C H , R e t e n t i o n  3 9
R 2 H g  +  R  H g B r  £
C H I II 5 I
R  =  H —  C —  C II CH -—  C —  I 2 2 | •
C H CH
3  3
R H g R  +  R H g B r
i n  e t h a n o l  a t  6 0  C R e t e n t i o n  4 0
C HI C H| 6 5 16 5
H— C — B(OBu) 0 + H g C l -----> H - C  HgClI 2 2 i
C H . C H ,
i n  w a t e r / g l y c e r o l / a c e t o n e R e t e n t i o n  4 1
23
CMe,
H
HrpC + HgGl2  >D
3T©(00)2Cp
threo 
in benzene at 40 ~COn
CMe.
HgCl
+ ClPe(C0)2Cp
Retention 42
exo H 
refluxed in THF
+ 2Hg(C02Ph)2 -> RB(C02Ph)2
Retention 43
+ HgBr,
endo HgBr 
in ether
gBr
+ MgBr,
Retention 44
OAc+ PhHgOAc
Py2PdCi HgOAc
oac + py2PdPhC:i-
in MeCN Retention 45
(b) Halovenations
Reaction Outcome Ref,
%^IlgBr + Br2 ---> Mecx KtBr + HgBr^
various brominating agents used, in various 
solvents, at 25 °C or 0 C; same results 
with the trans compound
46
Retention, 
or loss of 
c onfi gurat i on, 
depending on 
the conditions,
CH_! 3
CH CE — C — HgBr + Br0 3 2 I 2
H
CH I 3> CH GH —  C — Br + HgBr,3 2 | 
H As above 47?43
in a variety of solvents; 0fo retention in 
CS^ at 25 °C, 100/ retention in y-collidine, 
30/3 retention in pyridine at -65 C
O oII1C>MePy
X
+ x.
Br Br
X
X = Br, Cl, I in methylene chloride at -5 C Inversion 49
CH. CH.
/ f at-h ^
+ X, -C;
3 ■ ...-•X
Et
Py
Et N H
+
X
(Co)
T Me
X = Br, Cl, I in methylene chloride at 0 C Inversion 49
sBu°8nPene0„ + Br0 3 2
in methanol at 45 °C
sBu°Br + PenefaSnBr 3
Inversion 9
25
NaOMe
Me OH R BOHe 2
Inversion or 
Retention
In THF at 0 G? under the influence of meUhanolic 50
sodium methoxide, inversion was ohserved. In THF oat 20 0, in the absence of base and in the dark,
reaction was slow and gave predominantly retention.
Me CH(C 0 Et)Mn(C 0) + BrA2 5 2
in THF at -78 °C
MeCHBrCO Et + BrMn(C0)cr 2 5
>6Qf/o Retention 51
Ir(CO)Cl[p(CgH5)2CH ]2(0H C°HC02Et)Br + Br2
CH C°HBrC0 Et + Ir(CO)Cl[p(C JiJ CT 1 
5  2  o 5 2  5  2
in THF at -78 UC Retention 52
Ac OH> RBrRCo(dmg)2Py + Br2 
R = 1-methylheptyl; dmg = dimethylglyoxime
Possible retention of configuration, although the authors 
suggest that the mechanism of substitution is not clear. 
Compare with the two previous reactions above. 55
ClHg
CO CH 2 3+ Cl 0 CH 2
2 3
co ca
OCH + iigCl2 2 3
Retention 54
in acetic acid and in chloroform, X = OH, CO CH 
for X = CC>2CH in-chloroform, a little 
trans-prodtict is also obtained.
CM© CMe
+ Br --- > Dt o > T'H + b^®(c°)2cP
threo Fe(C0)2Cp
in CDC1„ at 25 °C Inversion 42
5
26
-r Br, + LiBr
in pentane at -70 °C ; endo compound probably 
reacts with Br,, to give exo compound, but 
insufficient data are available Inversion 55
27
Unfortunately, it is very rare to find cases in the
literature where the kinetics, mechanism and stereochemistry
have all boon carried out on a reaction under exactly similar
conditions. Of the examples in the previous table, only the
8 ^O 32investigations of Hughes and coworkers 9J 9 , and of Jensen and
Qcoworkers were complete in this sense; both proceed by the 
S^2(open) mechanism, the former with retention, and the latter 
with inversion. Other examples in the table may proceed through 
cyclic transition states, which would of necessity result in retention.
Constitutional effects
Constitutional effects on Sr,2 reactions were first discussedoli10 56 by Gielen and Nasielski . Working on the halogenodemetallations
of mixed tetra-alkyltins, R ’SnR^, they obtained, in polar solvents
like methanol and acetic acid, and keeping R constant, the sequence
R s = Me > Et > Bu11 > Pr11 > Pr1 > Bu1’
for the iododemetallation at 20 °C. In non-polar solvents such 
as chlorobenzene, the sequence for the bromodemetallation at 20 °C 
was
R s = Bu^ > Me > Et = Pr1 > Pr11 = Bu11 
10 56They reasoned y that the different alkyl rate sequences 
were the combined result of several parameters, such as nucleophilic 
catalysis by the solvent, and steric decompression effects. They 
suggested that, in general, a cyclic transition state would 
obtain in non-polar solvents, because the solvent would be unable 
to stabilise the partial charges characteristic of the open 
transition state. The' internal attack by the nucleophilic part
28
immobilising the radical, and making it less sterically hindered,
so that the rate sequence would be polar, not steric, in origin.
10This explanation fitted their results for the symmetrical (R Sn)
and unsymmetrical (R'SnR ) tin .cases.
In polar solvents, they suggested, the external nucleophilic
assistance by the solvent is much more effective than the internal
nucleophilic coordination of the attacking reagent, and the
favoured transition state would be the open type. The rate
sequence here would be steric.
57Tagliavini and coworkers studied halogenodemetallation
nreactions of several mixed tetra-alkyltins, R ’SnBu y  in solvents 
methanol and carbon tetrachloride, at 35.3 °G? and they also 
obtained two rate sequences,
R ! = Me < Et > Pr in the non-polar solvent
and R* = Me > Et > Pr in methanol
in agreement with Gielen and Nasielski's proposals.
The predictions of Gielen and Nasielski were, in summary,
that
(a) an open transition state would be favoured in polar 
solvents, and the reactivity sequence would be
Me > Et > Prn > Pr1
(b) a cyclic transition state would be favoured in non­
polar solvents, and the reactivity sequence would be
Me < Et > Pr11 < Pr1
They showed that these results held for several reaction series,
of the reagent prevents rotation  of the leav in g  group thus
b u t  w h e n  A b ra h a m  a n d  c o w o r k e r s  ? a s s e m b le d  d a t a  f o r  a  m u c h  
w i d e r  r a n g e  o f  S n 2  r e a c t i o n s ,  i t  w a s  a p p a r e n t  t h a t  G i e l e n  a n d  
N a s i e l s k i ’ s  t h e o r y  d i d  n o t  a lw a y s  f i t  t h e  f a c t s .  T h e  f o l l o w i n g  
t a b l e  c o n t a i n s  r e l a t i v e  r a t e  d a t a  f o r  a  l a r g e  n u m b e r  o f  S ,.,2
7 58a
r e a c t i o n s 1 V t a k e n  m a i n l y  f r o m  R e f . 7  a n d  5 8 a .
N o . R e a c t i o n S o l v e n t  t / ° G  M e S t P r n B u n
1 a R  S n + H g C l M eO H 2 5 1 0 0 0 . 2 1 5 0 . 0 4 0 5 0 . 0 3 9 6
2 a R A S n  +  H g C l M e OH 4 0 1 0 0 0 . 2 9 0 0 . 0 5 8 2 0 . 0 5 5 2
■ ^ a  
3 V n  + H g C l 2
9 6 / iM e O H 2 5 1 0 0 0 . 2 4 3 0 . 0 4 3 7 0 . 0 4 0 3
4 a
r-b
. 5  
6 b  
7°
R  S n  +  H g C l 2  
R 4 S n  +  H g C l 2  
R ^ S n  +  H g C l2  
R 4 S n  +  H g C l 2
9 6 / M e O H  4 0  
85/SM e O H  2 5  
85/c M eO II 4 0
B t o o H  4 0
1 0 0
1 0 0
.1 0 0
1 0 0
0 . 3 1 8
0 . 3 3 3
0 . 4 3 1
0 . 1 5 0
0 . 0 6 0 4
0 . 0 5 3 4
0 . 0 7 0 8
0 . 0 2 4 0
0 . 0 5 6 3
0 . 0 4 4 1
0 . 0 6 1 9
0 . 0 1 6 1
8° R 4 S n +  H g C l2 M eC N 2 5 1 0 0 0 .6 6 3 0 . 1 5 1 0 . 1 6 2
9° R A S n  +  H g C l2 M eC N 6 0 1 0 0 1 . 1 8 5
1 0 d
, . d  
11
R 4 S n  *
R  S n  -i- H g l
9 6 / M e O H  2 5  
9 6 / M e O H  4 0
1 0 0
1 0 0
0.669
0 . 8 1 5
0.101
• 0 .1 3 1
0 . 1 0 7
0 . 1 3 9
1 2 R 4 s „ + I
2
BM S O 2 0 1 0 0 4 o 4
1 3 E 4 S n + b
M eO H 2 0 1 0 0 1 2 1 . 4 0 . 5 7  .
1 4 R . S n4
+
I 2
A c O H 2 0 1 0 0 3 3 3 » 9 3 . 3
1 5 R  AP b  
4
+
R 2
B M S O 2 0 1 0 0 2 4
1 6 R *  P bA '+ P 2
M eO H 2 5 1 0 0 3 9 1 3
1 7 R > X2 A c O H 2 0 1 0 0 5 7
1 8 R 4 P b +
I 2
MeCOMe 3 5 1 0 0 3 8
1 9 R 4 P b +
R
M eC N 2 5 1 0 0 3 9 8 .3
2 0 R 4 P b j-
J 2
P r n OH 2 5 1 0 0 4 5 6 . 2
21
V *
+
I 2
E t O H 2 5 1 0 0 4 8 7 . 2
2 2 H 4 S n +
B r 2
D M P 2 0 1 0 0 '4 6 6 , 1
2 3 R 4 S n + B r 2
A c O H 2 0 1 0 0 8 3 1 2 1 0
2 4 R 4 P b JL H C lO
4
A c O H 2 5 1 0 0 11 4 3 . 1
2 5 e R 4 P b + A c O H A cO H 6 0 1 0 0 6 8 2 0 2 6
2 6 ® R 4 P b + A c O II A cO H 2 5 1 0 0 69 1 9 2 7
2 7 R 4 P b Jr B r 2 M eO H 2 5 1 0 0 8 5
B u
0.00516
0 . 0 0 8 0 8
0 . 0 0 5 3 4
0.00892
0 . 0 0 5 3 6
0 . 0 0 8 7 6
0 . 0 0 3 4 7
0.0416
0 . 1 0 6
0 . 0 0 7 0 9
0 . 0 1 0 7
P r ~
<10“6 
< 4 x 1 0 "  
<10“ 7 
<io“6_7 <10 1
~ 7  <10 1
<10“
<10'-6
- 5<10
<10“'
0 . 0 6
0 . 0 3
2.5
N o . R e a c t i o n S o l v e n t  t / ° G  M e lb b -n nP r B u 11 P r 1
2 8
2 9
R H g l  +  H O *  
R H g X  +  H g X
h 2 °
Eton
110
6 0 -
100
100
100
4 0
4 2
22 13
6
( B u s )
3 0  R 2 H g  +  H G 1 90/ a q
d io x a n
7 0 4 0 1 8
51 R 2 H g  +  H C 1 D M S O /
d i o x a n
5 0 100 630 3 9 0 4 3 0
3 2 R 2 H g  +  H g lg d io x a n 3 5 100 2 0 8 0 2260 1920
3 3 R h - Ig  +  A c OH A c  OH 2 5 6 0 580
( B u S )
3 4 R 2 Z n  +  P h H g O l  E t O E t 3 5 100 4 5 0 1 7 0 0 2200
3 5 R 22n  + E t O E t 3 5 100 2 4 4 102 6 5 1 4 9
p - t o l u i d i n e .
P r ^ O P r 13 6 R 2 Z n  + 
p - t o l u i d i n e
• 68 2 4 4 81 1 6 3
3 7 R 2 M g  +
1- h e x y n e
E t O E t 3 5 1 6 7 0 980 3000
3 8 * R M g B r ! + 
1- h e x y n e
E t O E t 3 5 100 1670 980 3 5 0 0
3 9  e R _ S n B r  + B r »  5 2 A c OH 20 100 146 1 8
4 0 ® R ^ S n  + H C 1
° 6H6 100 7 5 0 300 300
41 V n + Br2 cci4 20 ■ 100 9 5 0 0 4 4 0 0 5 4 0 0 8 . 6x 1 O'
4 2 R . S n  + C rO  4 5 A cO H 20 100 13500 9000 7 0 0 0 - 20000
4 3
4 4 e
4 5 e
R ^ S n  +  I 2 
R 4 p b  +  X2 
R4Pb + I 2
P h C l
C6H6 
C C I4 -
20
3 5
31
100
100
100
6 0 0
1200
3 0 4 0
7 8
3 7 0
1200
6 0 5 6 0
4 6
4 7
R 4 S n  +  B r ?  
k b ( o h ) 2 + '
HO O H +
P h C l
h 2 °
20
2 5
too
100
1230 4 7 0 4 5 0
3020
3 1 0
4 8 R B ( O H )  +  
HOO-
H 2°  • 2 5 100 3800 1 8 0 0 0  
( 3 u S )
4 9 r b ( o h ) 2 + h 2 ° 3 0 100 3x 105
B u
0 . 8 1
(Pen"°)
3 9 0 0 0
56500
73x10 1
H C rO
4
a  R e f .  5 9  b  V a l u e s  f r o m  R e f .  5 9 ;  n o t e  t h a t  t h e  v a l u e s  i n  R e f .  6 0 a  
a r e  n o t  c o r r e c t .
c R e f .  61 a n d  6 2 a  d  R e f .  6 3  e S h a p e  o f  t r a n s i t i o n  s t a t e  tm k n o w n ,  
f  N a t u r e  o f  t h e  e l e c t r o p h i l e  u n k n o w n ;  p o s s i b l y  H ^ O *  a s  w e l l  a s  H C 1 ,
T h e  t e r r a  x /  M eO H ra e a n s  x /  M e 0 I l / (  10 0 - x ) /  H  O v / v  b e f o r e  r a i x i n g
I n  t h i s  t a b l e ,  r e a c t i o n s  1 - 3 0  s h o w  t h e  s t e r i c  r a t e  s e q u e n c e  
g i v e n  i n  ( a )  o n  p a g e  2 8  , a n d  t h e  m a j o r i t y  h a v e  b e e n  s h o w n  t o  
u n d e r g o  t h e  8 ^ 2 ( o p e n )  m e c h a n is m .  I t  i s  l i k e l y  t h a t  t h e  o t h e r s  
a l s o  r e a c t  b y  t h i s  m e c h a n is m .  H o w e v e r ,  t h e  s o l v e n t s  a r e  n o t  a l l  
p o l a r .  R e a c t i o n s  3 1 - 4 9  s h o w  a  r a t e  s e q u e n c e  s i m i l a r  t o  t h a t  g i v e n  
i n  ( b )  o n  p a g e  2 8  ? a n d  o f  t h e s e ,  t h e  l a s t  f o u r  r e a c t  b y  m e c h a n is m  
S ^ 2 ( c o o r d )  a n d  m o s t  o f  t h e  r e m a i n d e r  h a v e  t h e  S ^ 2 ( c y c l i c )  
m e c h a n is m .  H e r e ,  a g a i n ,  t h e  s o l v e n t s  a r e  n o t  a l l  n o n - p o l a r .
I t  i s  c l e a r ,  t h e r e f o r e ,  f r o m  t h e  d a t a  i n  t h i s  t a b l e ,  t h a t  G i e l e n  
a n d  N a s i e l s k i ' s  s t r i c t  d i v i s i o n  o f  r e a c t i v i t y  s e q u e n c e ,  a c c o r d in g  
t o  s o l v e n t  p o l a r i t y ,  i s  n o t  c o m p l e t e l y  v a l i d ,  a l t h o u g h  i t .
c e r t a i n l y  a p p l i e s  i n  m a n y  i n s t a n c e s .
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A b ra h a m  a n d  H i l l  s u g g e s t e d  t h a t  a  m o re  c o n s i s t e n t  c o r r e l a t i o n  
m i g h t  b e  t h a t  b e t w e e n  t h e  t y p e  o f  r a t e  s e q u e n c e  a n d  t h e  m e c h a n is m  
o f  r e a c t i o n .  A  w h o le  s p e c t r u m  o f  r e a c t i o n  m e c h a n is m s  w a s  
p o s t u l a t e d .  U s i n g  t h e  p r e s e n t  n o m e n c l a t u r e ,  t h e s e  a r e
' /MX /MX /MX M X
n  / ^  7 n  /  fr- n  / ^  /v n
R f)  R f  ' \ R^ j \ R
E  N ^ E  ii — N e — ii
S g 2 ( o p e n )  S s 2( c y c l i e )  S B 2( o o o r d )
A s  t h e  s e r i e s  p r o g r e s s e s  f r o m  l e f t  t o  r i g h t ,  t h e r e  i s  a  
g r a d u a l  c h a n g e  f r o m  d o m in a n t  e l e c t r o p h i l i c  a t t a c k  t o  d o m in a n t  
n u c l e o p h i l i c  a t t a c k ,  t h e  i n t e r m e d i a t e ,  c y c l i c ,  c a s e s  a r i s i n g  f r o m  
s i m u l t a n e o u s  e l e c t r o p h i l i c  a n d  n u c l e o p h i l i c  a t t a c k .  T h e y  p r o p o s e d  
t h a t  e a c h  d i f f e r e n t  m e c h a n is m  w o u ld  r e s u l t  i n  a  d i f f e r e n t  r a t e  
s e q u e n c e .
A l t h o u g h  t h e r e  w i l l  b e  so m e  c o r r e l a t i o n  o f  m e c h a n is m  w i t h  
s o l v e n t  ( f o r  e x a m p le ,  t h e  S  2 ( o p e n )  m e c h a n is m  w i l l  b e  f a v o u r e d  i nhi
p o l a r  s o l v e n t s )  A b ra h a m  a n d  H i l l  f e l t  t h a t  t h e  m e c h a n is m  w o u ld  
n o t  b e  d e t e r m in e d  s o l e l y  b y  s o l v e n t  p o l a r i t y ,  a s  G i e l e n  a n d  
H a s i e l s k i  h a d  p o s t u l a t e d .
B o t h  A b ra h a m  a n d  c o w o r lc e r s  a n d  G i e l e n  a n d  H a s i e l s k i  h a v e  
i n t e r p r e t e d  t h e  r a t e  s e q u e n c e s  i n  t e r m s  o f  t h e  S g 2 ( o p e n )  r e a c t i o n  
a lw a y s  p r e c e d in g *  w i t h  r e t e n t i o n  o f  c o n f i g u r a t i o n  a t  t h e  s u b s t i t u t e d  
c a r b o n  a t o m .  H o w e v e r ,  f u t u r e  i n t e r p r e t a t i o n s  w i l l  h a v e  t o  t a k e  
a c c o u n t  o f  t h e  p o s s i b i l i t y  t h a t  t h e  S  2 ( o p e n )  r e a c t i o n  c a nii
p r o c e e d  w i t h  e i t h e r  r e t e n t i o n  o r  i n v e r s i o n  o f  c o n f i g u r a t i o n .
S t e r i c  e f f e c t s  i n  S T.,2 (  o p e n )  r e a c t i o n srtrTia . - - , .1-inrtrr, - T.......................  r -rn
C o n s i d e r a t i o n  o f  t h e  s h a p e  o f  t h e  S ^ 2 ( o p e n )  t r a n s i t i o n  s t a t e  
f o r  r e t e n t i o n  o f  c o n f i g u r a t i o n  s h o w s  t h a t  s t e r i c  e f f e c t s  c o u l d  b e
_ v ^ -Y l e a v i n g  g r o u p
m o v in g
g r o u p
/  "* ^ E  e n t e r i n g  g r o u p
e x p e r ie n c e d  b e t w e e n  t h e  m o v in g  g r o u p  a n d  t h e  l e a v i n g  g r o u p ,  t h e  
m o v in g  g r o u p  a n d  t h e  e n t e r i n g  g r o u p ,  a n d  t h e  e n t e r i n g  g r o u p  a n d  
t h e  l e a v i n g  g r o u p .
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G i e l e n  a n d  H a s i e l s k i  p o s t u l a t e d  t h a t  t h e  s i z e  o f  t h e  l e a v i n g
g r o u p  w o u ld  b e  th e .  m o s t  i m p o r t a n t  f a c t o r  i n  d e t e r m i n i n g  t h e  r a t e
o f  r e a c t i o n ,  a n d  t h e y  p r e s e n t e d  d a t a  t o  s u p p o r t  t h i s  p r o p o s a l .  A
7
c o u n t e r  p r o p o s a l  w a s  p u t  f o r w a r d  b y  A b ra h a m  a n d  H i l l  ,  h o w e v e r ,  
t h a t  t h e  m a in  e f f e c t s  a r o s e  f r o m  i n t e r a c t i o n s  b e t w e e n  t h e  m o v in g  
g r o u p  a n d  t h e  e n t e r i n g  g r o u p ,  a n d  b e tv / e e n  t h e  m o v in g  g r o u p  a n d  
t h e  l e a v i n g  g r o u p .  T h i s  s e c o n d  p r o p o s a l  i s  s e e n  t o  b e  c o r r e c t  f r o m  
t h e  d a t a  i n  t h e  f o l l o w i n g  t a b l e s .  T h e  k i n e t i c  d a t a  i n  t h e  f i r s t  
t a b l e  a r e  f o r  r e a c t i o n s  i n  w h ic h  t h e  m o v in g  g r o u p  c h a n g e s ,  b u t
*7
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t h e  l e a v i n g  g r o u p  r e m a i n s  c o n s t a n t .  I t  i s  c l e a r  f r o m  t h i s  t a b l e  
t h a t  t h e  s i z e  o f  t h e  m o v in g  g r o u p  h a s  a  p r o f o u n d  e f f e c t  o n  t h e  
r a t e  o f  r e a c t i o n .  T h e  o t h e r  t a b l e ,  h o w e v e r ,  s h o w s  t h a t  t h e  s i z e  
o f  t h e  l e a v i n g  g r o u p  i n  g e n e r a l  h a s  l i t t l e  e f f e c t  o n  t h e  r a t e , • 
u n l e s s  t h e  g r o u p  i s  v e r y  b u l k y  a n d  c o n t a i n s ,  f o r  e x a m p le ,  P r 1
-n to r  B u  g r o u p s . T h e  d a t a a r e t a k e n  f r o m  R e f . 5 8 b a n d 5 8 c .
R e a c t i o n S o l v e n t t / ° G M e E t
T> 11P r B u n P r 1 , B u 1
R S n B u f a  +  H g l  
'J 2
a qM eO H 2 5 1 0 0 0 . 1
R S n B u \  +  I 0  
3  2
M eO H 2 0 1 0 0 0 . 7
R S n E t ,  +  I .  
3  2
M eO H 2 0 1 0 0 6 . 2 1 . 8 1 . 7 0 . 1
R S n M e  +  I 0  
3  2
M eO H 2 0 1 0 0 1 4 3 * 1 7 * 5 0 . 6 0
R S n M e „  +  I  
3  2
A c O H 2 0 1 0 0 1 6 2 . 7 5 * 2 0 . 8 0 . 1
R S n M e „  4- B r  
5  2
A c O H 2 0 1 0 0 4 1 1 2 1 9 1 . 0
R H g l  +  H  0 +
H 2 °
1 1 0 1 0 0 4 0 2 2 1 3 0 . 8 1
R H g X  +  H g X 2 E t O H I 
o
o 
o
VO 1 0 0 4 2 6
( B u 3 )
lea
vin
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up 
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It is possible that the transition state which produces ' 
inversion of configuration will exhibit different steric effects 
from that which results in retention, but in both cases the size
E C -Y
of the moving group will probably be the most important factor 
in determining steric effects.
which takes into account the stereochemistry of reaction.
According to his theory, a reaction which proceeds with inversion 
of configuration will give rise to a steric rate sequence, as 
found in S^2 reactions, whilst reactions proceeding with retention 
of configuration will show very little dependence of rate on the 
size of the substituted alkyl group. Jensen and Davis^ compared 
rates for the Sp2(open) bromodemetallations of tetra-alkyltins 
(which were shown to proceed with inversion of configuration) with 
those for a typical S^2 reaction, and obtained a linear dependence. 
Comparison with the Sp2 reaction between hydrogen chloride and 
dialkylmercurys (which possibly proceeds with retention) showed 
no systematic dependence.
At the moment, therefore, there are two main theories that 
seek to explain constitutional effects on the S-,2 reaction: thoseJi
7 9of Abraham and Hill and of Jensen and Davis . It is clear that
neither theory is complete, since the former makes no allowance
for the two possible variants (inv. and Ret.) of the 3 2(open)
Jij
■reaction, whilst that of Jensen and Davis makes no allowance for 
the combinations of steric and polar effects that can arise from 
the various types of S^2 reactions possible (see page 31 )•
9Jensen has suggested an interpretation of S02 rate sequences
SECTION 4
Calculation of S^2 Steric Effects 
by Hughes and Ingold
Hughes, Ingold and coworkers, as part of their lengthy study 
on aspects of substitution mechanisms, wrote a series of 
papers'* with the object of elucidating the remarkable
inactivity of neopentyl halides towards strong nucleophiles such
69 70 " ias alkoxide and cyanide ions, as had been reported 3 by
Whitmore and others. \
The large retarding effect of the three y-methyl groups is - /
clearly not purely electronic, because they are separated from
the reaction centre by a saturated carbon atom, and in any case,
isobutyl halides, with two y-methyl groups, are not particularly
unreactive towards nucleophiles.
Relative rates of some S^2 reactions
Reaction Me Et Prn Bu1 Pr1 Pe1100 Ref0"
RBr + 0Et“ in 17*6 1 0.28 0.030 ' 4.2x10”6 23
dry EtOH at 55 °G
RBr + Br” in 76.5 1 0.65 0.033 0.011 1.5x10“5 71, 22
acetone at 25 0 ■ •
71In these two examples, and in many other cases , the
outstanding effect on the rate of reaction brought about by the
neopentyl group can be seen clearly.
23Hughes.and coworkers approached the problem of actually 
evaluating the steric effect for the neopentyl case knowing that 
great quantitative precision, in the configuration, and in the 
internal force system of the transition state, was not necessary, 
because of this striking qualitative situation.
Their object was to set up a reasonable model of the 
transition state and to use this to calculate the various bonded 
and non-bonded forces acting between the atoms, in order to evaluate
D u r i n g  t h e  c o u r s e  o f  t h e i r  w o r k ,  t h e y  u s e d  t h r e e  d i f f e r e n t
t r a n s i t i o n  s t a t e  m o d e l s ,  e a c h  o n e  b e i n g  l e s s  s i m p l e  t h a n  i t s
p r e d e c e s s o r ,  a n d  n e a r e r  t o  t h e  s h a p e  w h ic h  t h e  t r a n s i t i o n  s t a t e
w o u ld  h a v e  i n  r e a l i t y .  T h e s e  w e r e  t h e  s t i f f ,  e l a s t i c  a n d  p l a s t i c
m o d e l s ,  a n d  t h e y  w i l l  b e  i n t r o d u c e d  w h e r e  a p p r o p r i a t e .
F o r  t h e  g e o m e t r y  o f  t h e i r  i n i t i a l  s t a t e  m o d e l ,  t h e y  a s s u m e d
b o n d  l e n g t h s  c o r r e s p o n d i n g  t o  su m m e d  c o v a l e n t  r a d i i ,  a n d  c a r b o n
b o n d  a n g l e s  e q u a l  t o  t h e  t e t r a h e d r a l  a n g l e .  A l l  s i n g l e  b o n d s  w e r e
a s s u m e d  t o  b e  w i t h o u t  a n y  i n t e r n a l  r e s i s t a n c e  t o  t o r t i o n a l
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m o v e m e n t .  T h e y  u s e d  b o n d  l e n g t h  d a t a  r e c o r d e d  b y  P a u l i n g  .
T h e  s t i f f  m o d e l
T h e  f u n d a m e n t a l  m o d e l f o r  t h e  S ^ 2  t r a n s i t i o n  s t a t e  i s  s h o w n  
i n  t h e  d ia g r a m  b e lo w .  T h e y  p o i n t e d  o u t ,  h o w e v e r ,  t h a t  t h i s  s h a p e
the qu antitative e f fe c ts  of s te r ic  in teraction .
w o u ld  o n l y  b e  e x a c t  f o r  a  s y m m e t r i c a l  s u b s t i t u t i o n  s u c h  a s  t h e  
F i n k e l s t e i n  r e a c t i o n  b e lo w ,  i n  w h ic h  X  =  Y  =  B r ,  a n d  a  =  b  =  c  *= H
H u g h e s  a n d  c o w o r k e r s  t h e r e f o r e  c o n c e n t r a t e d  o n  t h e s e  s y m m e t r i c a l
d i s t a n c e s ,  a n d  h e n c e  t o  e v a l u a t e  t h e i r  a s s o c i a t e d  s t e r i c  e n e r g y
a
e n t e r i n g  g r o u p 90° l e a v i n g  g r o u p
-> Y
B r ”  +  R B r  -------> B r R  +  B r ”
C.C.
r e a c t i o n s ,  w i t h  k i n e t i c  d a t a  f r o m  d e  l a  M a re  p l u s  t h a t  b y  l e  R o u x
r7'7 r7A
a n d  S u g d e n  J a n d  b y  E l l i o t t  a n d  S u g d e n  ,  a n d  u s i n g  t h i s  b a s i c ,  
s t i f f  m o d e l ( o n l y  r o t a t i o n  w a s  a l l o w e d ,  w i t h  n o  b e n d in g  o r  
s t r e t c h i n g ) ,  t h e y  s e t  o u t  t o  c a l c u l a t e  t h e  v a r i o u s  i n t e r n u c l e a r
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The bond lengths and angles for the alkyl part of the 
transition .state were as described previously, for the initial 
state, with the exception of the C bond angles, which were as 
shown in the diagram on the previous page. The two 6^ ,-Br partial 
bond lengths were estimated initially as the sum of the covalent 
cai’bon radius and the mean of the covalent and negative ionic 
radii of the halogen.
Free rotation was allowed about all the bonds, the actual 
configuration of the transition state thus being determined by • 
the non-bonding forces (the minimised result of van der Waals 
attractive and steric repulsive forces). Having set up this model, 
the object was to calculate the distances between the halogen 
nuclei and the nuclei of carbon or hydrogen atoms in close 
proximity, and to compare them with the touching distances, to 
give an estimate of the amount of compression experienced by 
each pair of atoms.
Touching distances (p q) were calculated, for the covalent 
bonds, from a knowledge of the 'maximal* van der Waals distances 
(p ), and the angular separation (6) of the relevant atoms, byJHcL2£ ,
use of a cosine formula, which has the effect of reducing the
effects.
distances for small angular separations. A similar correction
■ pe = pion - °*2(1 + 003 26)
was applied to the partially ionic bond distances (p^on = ionic 
radius). The compression experienced by each bond was then 
obtained as the difference between the model distance and the
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It is interesting to note that this assumption that radii 
will be contracted at small angles had the effect of making 
compressions for all the initial states either non-existent or 
negligibly small. For the methyl transition state, the steric 
compression was again negligible, and as expected the neopentyl 
transition state was shorn to have very large compressions, of the' 
order of 1 S. Although Hughes and coworkers were interested 
primarily in the neopentyl case, they also carried out the 
calculations for other a- and j3~methylated alkyl groups, for 
which kinetic data were available.
The next step was to give the linear compressions some 
energetic meaning, the object being to compare calculated 
increments in activation energies due to steric compressions 
with the experimentally obtained activation energies..
This was achieved by the use of non-bonded energy functions. 
These functions, which described the interactions of the bromine 
atoms with non-bonded carbon and hydrogen atoms, contained three 
terms, one representing the electrostatic attraction, which 
depended on the induced dipole energy between the two atoms, the 
second, the dispersion energy, or electrokinetic attraction, which 
was calculated from polarisabilities and ionisation potentials, 
with the aid of London's formula, and the third, which was an 
exponential steric repulsion or atomic interpenetration energy 
term. Thus an energy against interaction curve could be drawn 
for each non-bonded pair of atoms. A typical function is shown 
on the following page.
touching distance.
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Hon-bonded energy function for the C^-Br compression in the 
transition state of the Finkelstein bromine exchange reaction 
betx^een neopentyl bromide and bromide ion. (Ref. 23)
The initial states of several atom pairs exhibited negative 
compressions, which the authors called cohesion energies. 
Although these were small in themselves, they produced an 
appreciable effect when summed over all the atom pairs, so a 
correction term was introduced, whereby the compression energies 
in the transition states were regarded as starting from the 
touching distances rather than from infinite atomic separation. . 
This amounted to supposing that the cohesion energies of the 
initial and transition states balanced.
In this way, upper limits to the increase in activation 
energy caused by non-bonded forces (steric hindrance) were 
calculated for the stiff model.
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The stiff model was not very realistic, since the actual 
geometry of the transition state will be such as to minimise the 
total of bonding and non-bonding energies. The authors therefore 
considered the possibility of allowing some deformation of the
Br G Br partial bonds, by stretching and bending,
because it was thought that these would be the most likely to 
distort in the presence of a steric effect. In 1946, their methods 
of calculation were not sufficiently developed to evaluate bending, 
but they were able to assess the amount of stretching of these 
bonds in the transition states, using an elastic model.
The details of these calculations are not given here, but 
their method was to evaluate the energy required to (a) press the 
halide ion in towards the C^, atom, and (b) to extend the 
bond on the other side, since these two contributions seemed to 
be the most important. The total energies were expressed 
graphically as functions of the bond length, and the curves 
adjusted so that for the methyl case, the minimum energy was at 
zero bond extension . All the other alkyl cases then had curves 
in which the energy minima were occurring at positive values of 
bond extension.
* The semi-bond length which corresponded to this zero bond
extension was not quite the same as the length which they .
calculated originally (see page 39)® They considered, in this 
23first paper , that the difference was not large enough to 
warrant any alterations to their calculations, but in their 
second paper‘d, all the calculations were carried out using 
the revised undeformed semi-bond length.
The elastic model
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These bonding energy functions were added graphically to the 
non-bonding energy functions to yield, for each alkyl group, a 
total energy function, whose energy minimum and bond extension at 
this minimum were the required values for the transition state 
model. The figure below shows a typical example of these 
energy functions. In the figure, the G^-Br distance in the 
transition state of the exchange reaction between tertiary butyl
bromide and bromide ion is 2.31 A, assuming no deformation by 
non-bonding forces. Graphical addition of the bonded and non­
bonded potential curves produces a total energy curve which has 
a minimum at a bond extension of 0.035 to
o
total energy function
i—io
rHcdq
bonded energy 
function
non-bonded
function
4--------------------------  1-------------------j-------------------1
2.11 2.31 2.51
C^-Br distance/ 1
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These values of bond extension and energy minimum should 
have been exact for the fully symmetrical cases, methyl and 
tertiary butyl, where no bending would be expected. . For the other 
cases, they represented new upper limits. For the {3-methylated 
alkyl cases, the energies compared quite favourably with.the
•yr? «“7a
values which were calculated from the kinetic work 9 on the 
Finkelstein exchange reaction, and they also gave acceptable 
estimates for the ethoxylation process. However, agreement for 
the a-methylated series was not very good, and this was attributed 
to the fact that no allowance had been made in the calculations 
for the polar contributions to the energy of activation. It 
was expected that polar effects for the j3~methylated series would 
be negligible, because of the intervening -CH2~ grouping, but the 
authors felt that for the a-methylated series, the effects would 
be considerable.
Despite these discrepancies, the applicability of the method 
to reactions other then the bromine exchange, on which all the ' 
calculations had been-based, had been demonstrated. This result 
had been anticipated by the authors, who had pointed out that the 
steric effect on activation energy would probably not be very 
sensitive to the size of the nucleophile.
The plastic model
The energy of the neopentyl transition state did not agree 
well with the experimental data, the calculated value still being- 
much too high, even though it had been lowered by the allowance 
of stretching in the model. It was obvious at this stage that a 
lot of extra strain would be relieved by permitting the Br G--
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bonds to bend at the C atom, and in their later paper ', Hughes,- 
Ingold and coworkers were able to extend their calculations to 
include this refinement.
They noted, in this second paper, that on the basis of the 
relatively small differences in steric energy obtained by (a) 
using other forms of non-bonded potential functions (power series 
rather than exponential terms) and (b) reconsidering the amount 
of angular dependence shorn by the van der Waals radii, there w a s  
very little to be gained from making any such changes in their 
previous assumptions, so they concentrated on the more fundamentally 
important problem of the bending of the partial bonds.
The problem was to calculate the total, bonding plus non­
bonding, energy of each system, for a range of configurations 
which were described with reference to suitably chosen geometrical 
coordinate systems. These energies, for this new 'plastic' model, . 
were computed in an essentially analogous manner to those for 
the earlier 'stiff and 'elastic* models, except that this time 
there were additional bending terms to be taken into account.
For each system, a surface was constructed which represented energy 
as a function of the configuration. Each surface contained a 
hollow, the bottom of which corresponded to the transition state.
Comparison was then made between these calculated steric 
retardation energies for the plastic model, and the experimentally 
obtained activation energies, (see the following table). It is of 
interest here to tabulate also the energies which had been 
calculated from the earlier stages of the work, for the stiff and 
elastic models. The energies given in this table are those given 
in their second paper In .several cases they differ slightly
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from those in their first paper , because of their revised 
estimate of the undeformed semi-bond lengths (see footnote.on 
■page 42). All the values in the table are for the' bromine exchange ■ 
reaction, although the authors considered a range of seven 
Finkelstein reactions, the results of which were very similar, as 
they had predicted. The differences between 'A'fe^las!and Y\Bhobs 
increased with a-branching, but stayed fairly constant with 
^-branching, and so were ascribed to polar contributions to the 
energy, which would be expected to exhibit this pattern. For 
simplicity, they took a value of 1 kcal mol for each a-substituent, 
which, as the table shows, produced good agreement between calculated 
and observed energies. The worst agreement was for the neopentyl 
case. This was not unexpected, because, in this system, the 
prohibition of bending at places other than the partial bonds 
would not be a very realistic restriction.
Calculated and observed activation energies for Br” + RBr in 
solvent acetone at 25.* °C, in kcal mol fe
23
^-Yfetiff 
A w  ,.. elas'cxc
A w  . ..piastre
A w  ,polar
Yale =
^ + ^ ^pol 
A s Aobs
Difference
. Me Et Pr1 •rBu td n Pr Bu“ Peneo
0 0.9 1.9 2.8 0.9 2.8 13,9
0 1 .8 2.5 12.9 .
0 0.8 1.6 2.5 0.8 2.3 7o3
0 1.0 2.0 3o0 1.0 1.0 1.0
0 1.8 > 6 5.5 1.8 3*3 8I3
0 1.7 3«9 6.Of 
5.3b
1,7 3.1 6.2
0 0.1 -0.3 -0.5*
0o2
0.1 0.2 2.1
i, see next page.
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a This value of/\E, is now knovm. to be incorrect, because 
t Areaction of Bu Br with X is mainly elimination, followed 
by addition, rather than pure substitution
t - O V  ’ tBu Br + I ^  ^ C  =  C1 + HX + Br ;==5: Bu X + Br
C <  2
27 t —b Parker has determined this value for the reaction Bu Br +. Cl
.in acetone at 25 °C* The value should be very similar to that
for reaction Bu^Br +•Br™. It is likely that there are
incorrect footnotes in the table in Ref* 27* ■
Entropy calculations
Hughes and coworkers - also carried out some calculations on the 
entropy differences between transition states and initial states, 
and distinguished three possible types of entropic effects, which 
depended on the incidence and distribution of mass, bulk and 
charge*
(a) The ponderal effect - the introduction of a massive substituent 
anywhere into a reacting aliphatic molecule should reduce the 
Arrhenius frequency factor, although a sufficient loading near
the reaction centre will weaken this effect, and might even remove 
it.
(b) If the substituent is sufficiently close to the reaction 
centre for the bulk to be effective, a steric entropy effect will 
arise, which may either increase or decrease the frequency factor. 
The tendency will be towards an increase if the steric thrust on 
the attacking reagent is predominantly outwards, and towards a 
decrease if its main effect is to deflect the reagent sideways.
(c) Polar entropy effects could change the shape of the transition
Footnotes to table on previous page.
state energy surface, and also alter the entropy of, some of the 
solvent molecules around it.
Their method, briefly, was to calculate translational, 
rotational and vibrational entropies for the initial states and ?.
transition states, making certain assumptions and approximations. 
Agreement between calculated and observed values was generally 
good, as shown in the next table.
Observed and calculated effects of alkyl .structure on the 
logarithms of the Arrhenius frequency factors.
Me Et Pr1 Bu1" Pr11 Bu1 •n neo Pe
observed 0 -0.6 -1.0 0.0 
2.16a
-0.9 -1.1 -2.1
calculated 0 -0.46 -0.84 -0.24 -0.72 -1.03 -1.37:
a Value obtained by Parker, Ref. 27
Discrepancies arising were thought to be due to theoretical 
over-simplification, most probably in the assumption of stiff ■ 
alkyl groups. ■
Relative rate calculations
Finally, relative rates were calculated from their energy 
and entropy data, and these showed remarkably close agreement with 
the experimental values, as shown in the following table.
Observed and calculated rates for the reaction Br~ + RBr in 
acetone at 25 °G. Rates are expressed relative to R - Me.
Me Et Pr1 . Bu^ Pr11 Bu1 Pene0
.observed 1 0,013 0.00014 0.000048a 0.0085 0.00044 2.0x10~
calculated 1 0.017 0.00035 0.000053 0.0090 0.00035 ’ 3.7x10“:
a Value obtained by Parker, Ref. 27, for RBr + Gl” see top- of page 47
There has been some criticism * of the experimental data 
used by Hughes and coworkers for comparison with the calculated
values of the rate constants, but more recently, Cook and Parker 
have produced more valid experimental data which are in excellent 
agreement with Hughes' values.
However, a criticism of the method as a whole could be 
made* Although the final figures are in good agreement with 
experiment, it should be noted that a large number of adjustable 
parameters had to be introduced into the calculations to produce 
these results* Especial note should be made of the polar energies 
used to increase the calculated values to the experimental levels* 
In some cases, these polar factors amount to about half of the 
final values, which would seem to be rather a large contribution 
to be made by apparently arbitrary effects*
16 16
27
SECTION 5
Calculation of ST12 Steric 
Effects Hogarth
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Many years after Hughes and Ingold had published the 
impressive results outlined in the previous section, Abraham
.was steric in origin, it had never been demonstrated conclusively 
that the steric effects of the various alkyl groups could give
had carried out some semi-quantitative estimations which supported 
this hypothesis, and it was Abraham and Hogarth's intention to 
calculate such steric effects for a number of electrophilic 
substitution reactions and to compare the associated relative 
rate coefficients with those obtained experimentally*
Hogarth chose to concentrate on the catalysed and uncatalysed 
one-alkyl mercury exchange reactions which had been studied
for this choice of reaction was that the substrate has no bulky 
alkyl groups, other than the group being substituted, and this 
consequently reduces the number of possible steric interactions.
This can be seen from a consideration of the generalised S,.,2(open)RetHi
transition state*
62and Hogarth began to develop a method for the calculation of
steric effects on Some bimolecular electrophilic reactions*
77Although it had generally been supposed that the sequence
of rates frequently found in Syi2 reactions,
Me > Et > Prn > Pr1 > Bu1
77rise, quantitatively, to such a sequence* Hughes and Volger
REgBr + Hg Br2 v  • • — RHg Br + HgBr2
kinetically by Hughes and coworkers30,77,78 One of the reasons
"MR . leaving groupn 0 0
moving
group
entering group
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In any system, there will be interactions between the moving 
group and any groups in close proximity, such as the incoming 
eleotrophile (s), the leaving metal atom and any solvent
molecules which may be incorporated into the transition state.
If the substrate also contains a number of additional alkyl 
groups (R_^ ) attached to the metal atom (as in the tetra-alkyltins) 
then these too will interact with the moving group, with E and • 
with any solvent molecules present. Thus, if the substrate is 
RHgX, this last set of interactions will be absent.
The problem of evaluating steric energies was tackled in 
a manner analogous to Hughes and Ingold's method for S,^ 2 reactions 
(see previous section). A model for the particular transition 
state x\ras specified and the appropriate covalent bond radii and 
van der Waals radii selected from the range of values available. 
The steric interactions between pairs of atoms in close proximity 
were then evaluated from non-bonded potential functions.
Potential functions for pairs of like atoms were available 
in the literature, and their minima, were adjusted to twice the 
selected van der Waals radius. Functions for the interactions of 
mixed pairs of atoms (e.g. a/b) x-rere derived from an arbitrary 
combination of the functions for A/A and S/E, and again the 
positions of the minima were adjusted.
A correction was applied, where necessary, to compensate for 
the angular separation of the two interacting atoms. Whereas 
Hughes and Ingold applied their correction to the van der Waals 
radius (see page 39), Abraham and Hogarth took a fixed van der 
Waals radius and applied their cosine correction to the energy 
term. In this following equation, V_^  is the energy of interaction
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E = V cos c j  
r  *2
appropriate potential energy function, and E is the corrected 
energy. For the simple three-atom case, where the two interacting 
atoms are covalently joined through a third atom, cj is the angle 
between the two covalent bonds. For a four-atom system, w  is the 
dihedral angle between the interacting atoms. In both cases, it 
is clear that as co approaches 180°, there will be increased 
shielding of the terminal atoms by the middle atoms, resulting in 
a decreased energy of interaction.
A correction was applied to the non-bonded functions to 
compensate for the fact that although the van der Waals shell 
about atoms was regarded as spherical, the shell of a methyl group 
should be regarded as hemispherical with carbon at the centre, in 
the direction away from the covalent bond, and as hemi-ellipsoidal 
in the direction of the covalent bond. This correction term, I, 
was calculated from the expression below, and then added to the 
calculated internuclear distance for the particular methyl group 
under consideration, and the interaction energy then calculated 
using the appropriate functions. Consider a methyl group, interacting 
with another group,G, both being joined covalently to a third group, P.
between the two atoms' at a distance r apart, calculated from the
. then 1 = 2 -    _
/ 2 2 . 2 A -(cos [ i + n s m  [ x ) 4
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where n = 0*673782 and \x is the angle shown in the diagram* If 
the group G is also a methyl group, a second correction will 
need to be applied, using the angle 9 as shown above*
Having obtained all the required potential energy functions 
and the correction terms, the next step was to calculate the 
various interatomic distances* lr'or this purpose, a transition 
state model was set up*
It was assumed that all unattacked bonds would'retain their 
initial state dimensions of length and bond angle (tetrahedral 
angles for carbon-carbon bonding)* The other lengths and angles 
were varied through a sensible range of values. The angle
6 77between the two partial bonds had been estimated by other workers 3 ,
and its range was chosen to include their values. There were no 
previously determined lengths for the partial bonds, so the range 
of values used was somewhat arbitrary. The transition state model 
was expressed geometrically in a rectangular coordinate system, 
and the required interatomic distances calculated*
As the moving group in the transition state rotates about 
the median line (the bisector of the angle between the two partial 
bonds and the atom), the distances between its ct, {3 and y 
substituents and the incoming and outgoing groups vary, and 
consequently their interactions will also vary.
a ^outgoing group
median
line
This energy variation can be expressed graphically as a 
rotational energy profile. The profile for the transition state 
of the reaction between ethylmercury(ll) bromide and mercury(II) 
bromide is shown on the next page. Rotation of the single 
a-methyl group about the median line results in two (symmetrical) 
peaks, which occur when the methyl group is near to the incoming 
and outgoing groups.
For the a-methylated series (R = Et, Pr , Bu ), the profiles 
were simply an expression of the variation in energy as one, two 
or three methyl groups (the group being considered as a single 
entity) were rotated about the median line, and were termed 
*a-rotational energy barriers’. The profile on the next page is 
a typical example.
The energy variation for the ^-methylated alkyl series (R = Pr11, 
i  H 0 O  \Bu , Pe ) was not this simple, since two types of rotation were 
now possible; rotation of the fx-methyl groups about the median 
line, and of the (3~methyl groups about the G^-C^ bonds. In 
practice, these two rotations will act simultaneously to effect a 
reduction in the total steric energy of the system, but it is very 
difficult, if not impossible, to consider mathematically both the 
interactions at the same time. For this reason, the {3-rotational 
energy profiles were always calculated for a fixed, minimum energy, 
position of the (3-carbon atom.
For methyl initial and transition states, the profiles were 
level, so that, as in Hughes and Ingold’s calculations, rates 
could be directly expressed relative to methyl.
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a- and ^-rotational energy profiles were obtained for all 
the initial and transition states, and from each profile, two 
factors were obtained which, when inserted into the Arrhenius 
equation below, enabled the relative rate of reaction to be calculated,
rate = A exp(~E / RT) a '
In the Arrhenius equation, is an enthalpic term, which 
can be expressed, for the a-methylated series, as the difference 
between the minimum energies of the initial state (F^1) an<^  
transition state (llY), obtained from the a~rotatiohal energy 
profiles. The minimum values are used because the groups will 
orient themselves so as to have the least possible steric
iinteraction energy. Thus the enthalpic factor for the Pr case 
would be
i
fPr = exp[-(E ^ - E 1)/RT]Pr / 1m m
The number 1 appearing in the denominator of the right hand side
i ~of this expression arises because for the methyl case, E = E ‘ =0.m m
For the ^-methylated series, there are two terms in the enthalpic
factor. The first, f , is the factor for the fa_part’ of the y cc’ A
group, and for Pr11, Bu1 and Penu°, this is equivalent to fP°. The 
second term, f , comes from the energy difference in the (3-rotational 
energy profiles of initial and transition states, -as for the a-cases 
above. The two terms are multiplicative, to give, for example,
tj neo . . ti aeo
fPe = exp[~(E *  - E :l)/RT]xj x exp[-(S ^ E 1)/RT]"e / 1"x m m IL m m J '
„ neo ^ Et Pe
“a Y
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The restricted rotation of the alkyl groups will result 
in a reduction in the number of ways available for the reactants 
to reach the transition state. It follows, therefore, that the 
drop in rate of reaction will be partly due to a decrease in the 
entropic term, A in the Arrhenius equation. The entropic factors, 
F, were determined from the shapes of the rotational energy . 
profiles.
The initial and transition states of any substrate RHgX were 
considered as being able to perform internal rotations only about 
angles / \ f L and/\/ ri In some cases, where there was free 
rotation in the initial state, / \ f  1 = 3 6 O0  (for methyl, /\/ 1 = 
/ \ $  f i = 360°), but in general the angle would be less than this.
It is reasonable to suppose that the entropic factor which 
produces a lowering in rate of reaction can be expressed as
The object was therefore to calculate these angular rotations, 
from the shapes of the rotational energy profiles. Each curve 
was fitted to a parabolic function of the type
and from this expression it was possible to calculate the force 
constant, K.
For motion under the constraint of this force constant, the
A t  Y  /A t  \  A t  *R
since both terms in the denominator equal 360 °.
V = Jr K f l 2
where V is the potential energy and / the angle of rotation
th energy level is given byn
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.p _ h / K (n + g-)
n J m
where m is the mass of the rotating group, and h is Planck's 
constant. The Boltzmann distribution law was used to calculate 
the relative population (N ) of each energy level (E_^ ), and if 
f \  0  is the rotational angle over which this population is free
to move, then the average rotational angle over all the levels is 
co / oo
O
Thus the entropic factor can be expressed as
CO  i co
EA | —: _____
■ Ai* \  AR R
Any molecules with energies greater than the maximum energy of 
the rotational profile will obviously be unconstrained by the 
energy barriers, and for these molecules, / \ $  = 360°.
For the ^-methylated alkyl series, entropic factors will be 
obtained from both the a- and ^-rotational energy profiles, and 
these will be multiplicative.
thus, F
± j, it lit j, ^ Bu
,Bu a (3
p i Et p i Bu1
c:
Note that the a-rotational energy barriers for the initial states 
of all the reactions RHgBr + are flat, so that in these
cases, the first terra in the denominator vanishes.
Thus, having obtained from the rotational energy profiles 
the enthalpic (f) and entropic (f ) factors, it only remained to
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multiply these together, as in the Arrhenius equation, in order 
to determine the various relative rates of reaction.
The method outlined here should be applicable to any 
transition state. As stated on page 51 , Hogarth was primarily 
concerned with the catalysed and uncatalysed one-alkyl exchange 
reactions, and a brief summary of his results follows.
*yf\ rtrt
(a) For the uncatalysed reaction2 ? , several •cransrtion stave
RHgBr + Hg*Br RHg'Br + Hg3r2
models have been proposed, of which two were chosen for the
77calculations. These were the Hughes and Volger open model
.. Ca
(Although Hughes and Volger 
stipulated that all three Br 
atoms would be in the same plane, 
Hogarth demonstrated that rotation 
of the 2 entering atoms about.BrHel
Br was ncr6 greatly restricted)
79aand the Jensen and Rickbom cyclic model ,
Bri
-Hg^  (All the Br atoms are in thes _
same plane)
CS- J**
Hg
ABr
However, it was subsequently shown that the cyclic model did not 
give satisfactory results (the failure was thought to be due to 
the attraction between entering and leaving groups, which leads
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to an increase in the enthalpic factors), and so the results
given here are for the open model.
The variation of two parameters in this model was investigated.
These were the Cfe~Hg partial bond lengths and the Hg— 0 -— Hg angle,
The value? finally chosen were those which gave relative rates
77which were in closest agreement with the experimental results.
Rs Me(100 and 60 °C) Et(l00 °C) ?ene°(l00 °C) BuS(60 °C)
Experimental 1.00 0.42 0,33 0,06
Calculated 1o00 0.45 0,33 0,05
This final model was then used to predict relative rates for the 
complete series of alley 1 groups.
77It is interesting to note that while Hughes and Volger 
accounted for the relative rates in terms of steric compressions 
(enthalpic effects) between the moving group and the entering 
and leaving groups, Hogarth found that it was the entropic•effects 
which were predominantly governing the rates.
*7*7 *7Q. (b) For the two-anion catalysed reaction 9 , successful agreement
fast ^
Hg Br -i- Br” s. -- Hg Br ”2 3
RHgBr + Br” 7 = ^  RHgBr2”
RHgBr2” + Hg Br^ T"  > SHg Br + HgBr2 + 2Br~
between calculated and experimental results was obtained, and the
dominance of the entropic effect was again demonstrated., The
77transition state model was cyclic .
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Br
(The bonds around the Hg 
atoms are all tetrahedral)
r7 r7 *70
(c) For the one-anion catalysed reaction 9 °, dimensions for the
fast
Hg Br2> + Br”
RHgBr + Hg Br/"* 0
Hg Br,
-$> HHg Br -5- HgBiv, + Br
transition state were obtained which yielded relative rates in 
good agreement with the experimental results. Two transition 
state models were originally chosen, the monocyclic model later 
being discarded because it failed to give satisfactory results.
77The two models chosen were the Hughes and Volger monocyclic model
Br «-
;<r
/  J  a
\
Br
Hgl/ <-
i
Br
(in same plane as the two 
Hg atoms)
(Tetrahedral bonds around 
the mercury atom)
and the Jensen and Rickborn bicyclic model79b
Br <- (Above the plane) 
■(Below the plane)
The results from the bicyclic model showed that the enthalpic 
and entropic effects on rate were very nearly equal*
(d) Finally, Hogarth proceeded to some preliminary calculations on 
the substitutions of tetra-alkyltins by mercury(ll) halides, but
R^Sn + HgX2 -----> R SnX + RHgX
at that stage was only able to report qualitative success.
Considering the overall results of these calculations carried 
out by Abraham and Hogarth, it should be recalled (see previous 
section) that for their S^2 calculations, Hughes and Ingold had 
to include bending and stretching in their models in order to 
achieve good agreement between calculated and experimental 
reaction rates. However, for these S^2 calculations, rigid models 
are apparently very satisfactory, probably because steric effects 
here are in general smaller than in nucleophilic reactions.
SECTION 6
Solvent Effects on Reaction Rates
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The influence of solvents on the rates of chemical reactions
80has long been recognised. Menschutkin , in 1890, studied the 
reaction between ethyl iodide and triethylamine in 23 different 
solvents, and found a wide range of rates, the fastest reaction 
having a rate coefficient about 750 times that of the slowest.
Variations of this order of magnitude are quite common; in some .
9 81cases, factors as high as 10 have been observed „ Menschutkin
suggested that there was a relationship between the rate of
reaction and the structure of the solvent.
One of the earliest correlations between reaction rates and
parameters relating to the solvent, was that carried out in 1910 
82by Dimroth , based on an idea of van't Hoff. He showed that
for the intramolecular transformation of the aci-form of 1-phenyl*
5-oxytriazole carboxylic ester into its neutral form, the rate
constant in any particular solvent was inversely proportional
C-H_ HHC1EL|6 5 | 6 5
HO*. CO ' '
.0:
•C----------N /
MeO^C Me02C
aci-form (enol) neutral form (keto) ■
to the solubility of the reactant in that solvent9
An important role of the solvent in a chemical reaction is 
its ability to solvate the species present in the solution. 
Solvation is’ essentially an electrostatic phenomenon. When an 
ion pair or polar molecule is put into a solvent having polar 
molecules, it attracts the solvent molecules, and it is to be 
expected that solvation will increase with the magnitude and
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Solvation of a molecule will result in a lowering of its 
fro© energy, and since the fro© energy of activation of a reaction, 
is the difference between the free energies of the transition state 
and of the reactants, it follows that, if no other factors are 
considered, then increased solvation of the reactants, but not 
the transition state, which would happen if the reactants were 
more polar than the transition state, will increase the free 
energy of activation. A more polar solvent will therefore redudb 
the reaction rate. Conversely, preferential solvation of the 
transition state, in a reaction where the transition state is 
more polar than the initial state, will produce a smaller free 
energy of activation, and so greater solvent polarity will result 
in a faster rate of reaction.
1 7Hughes and Ingold used these arguments to predict the 
effect of increasing solvent polarity on the rates of nucleophilic 
substitution reactions. These reactions can be divided into five 
categories, depending upon the electronic nature of the reactants.
Category Initial state Transition state Example
BubCl  > But+ + Cl
ptoOH + H0“-- > Pr10H + Br"
concentration of the charge on the ionic species.
1 RX
2 Y” ~r RX 6"“Y-— R-- X^~
3 Y + RX 6+Y-— R— -X5"
4 Y~ + RX+ 6~y-— R---^+
5 Y + RX+
Et N + EtI » Et IT + 'to3 4
HO- + MeS+Me0—»MeOH + He.3
d tl
Me_N + MeS*Mex-+Me jrtte + Me 3 2 y
For the S^ .1 solvolysis of tertiary butyl chloride in aqueous 
83alcohol, Hughes found that the rate of reaction increased greatly-.Pi ; 
as the proportion of water in the solvent increased, as had been
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predicted on the basis of the increased charge separation in the 
transition state.
In the second category, the charge which is present in the 
initial state has been dispersed in the transition state, so that 
the effect of increasing the solvent polarity would be expected to
O/
be a small reduction in rate, as has been found experimentally .
In class 3? a charge distribution which was non-existent
in the initial state has appeared in the transition state, so
that an increase in solvent polarity will produce a large rate
80increase, as shown by the Menschutkin reaction
Similar arguments show that in the fourth category, the
charge distribution has been reduced in the transition state, so
that there will be a large rate' decrease with increasing solvent
85 86polarity, as is demonstrated by the reaction shown
The last group is similar to the second; the charge has 
been dispersed over the transition state, so that a small
0»7 *
decrease in rate would be expected, and is obtained for the 
reaction listed, with increasing solvent polarity.
Although the Hughes-Ingold theory of reaction rates is useful 
in that it predicts to a certain extent the expected direction of 
rate change with change in the polarity of the solvent, if a range 
of different solvent types is considered, it is sometimes 
difficult to decide independently on the sequence of solvent 
polarity. The theory is lacking in any quantitative description 
of solvent effects, and no defining parameters are given for solvent 
polarity. The correlations between solvent and rate of reaction 
to be considered in the following discussion fulfil these 
requirements.
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For a bimolecular reaction between neutral species A and B, 
going through a transition state Tr to products, it may be shovm0^
A + B — [Tr]r ----> products
that the following expression applies 
k yA yB
( 1 )
where lc is the reaction rate coefficient and k the rate coefficiento
under a standard set of conditions, y^ = y^ = y = 1* The problem
of predicting solvent effects on rates of reaction is therefore
now a problem of predicting solvent effects on the activity
coefficients of A, B, and the transition state*
89It can be shown , for a non-electrolyte solute i, in a' 
regular solution in which selective chemical interactions between 
solute and solvent are absent, that
RT In Yi = V. (61 - 6)2 (2)
where is the molar volume of the solute, and 6^and 6 are the 
solubility parameters of i and of the solvent*
Also, V « M/1000/3
where M and are the molecular weight and density of the species
and
6 =
A h - rtV
V
where /\s is the latent heat of vaporisation of the species* 
Substitution of (2) into (l) produces? for solutions of non-polar 
non-electrolytes in solvents of low polarity,
R T l n ?  = Va(6a - 6 ) 2 + ?B(6B - 6)2 - V - 6)2 (3)
k0
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It follows that if o is close to 5A and 6g, hut; not.close 
to 5., then the right hand side of (3) will be large and negative,, 
so that the reaction rate in this solvent will be low. Conversely, 
if 6 is similar to 6,, the right hand side of (3) will be large 
and positive, so that the reaction will proceed much more quickly 
in this solvent.
90Richardson and Soper expressed these propositions in the 
form of three statements, referring to three categories of 
reaction, and with numerous examples in each class.
(a) If the reaction is one in which the products are substances of 
higher cohesion (higher 5 ) than the reactants, then it is 
accelerated by solvents of high cohesion. For example, Menschutkin 
reactions, in which substances with high polarity and high 
cohesion are produced from substances of relatively low cohesion, 
will proceed faster in solvents of higher cohesion and polarity.
(b) If the reaction is one in which the products are substances of 
lower cohesion than the reactants, then it is retarded by solvents 
of high cohesion. Richardson and Soper gave, as examples falling- 
into this categor}?', the decomposition of triethylsulphonium iodide, 
and Dimroth's reaction, mentioned on page 65o Agreement between 
theory and experiment was quite good for these cases.
(c) When the products and reactants are substances of like cohesion, 
the solvent has relatively little influence in the reaction 
velocity. This is shown by the reaction rates for the conversion 
of anis-syn-aldoxime to anis-anti-aldoxime.
It can readily be seen, by expanding equation (3) to give (4)
ET in 3  = 62(Va + Yb - V#) + 2 6 ( V ^  - V A ~ TbV  . V
• + V a2 + V b2 - y + 2 (n;
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that when relatively non-polar reactants give a non-polar 
transition state, 6 will be of about the same magnitude as
rr
5^ and 5p, so that the second terra in (4) can be neglected, and a
k 2 'plot of In _ against 6 will be linear*
ko
A successful analysis of this kind was carried out on the
Diels Alder, reaction between maleic anhydride and 1,3-butadiene in
91*927 solvents, by Wong and Eckert 9 *
On the other hand, if the transition state is more polar
than the reactants, then the second term in (4) will become much'
1cgreater than the first, so that a plot of In _ against 6 will
k0
now be linear, as has been shown to be the case for some Kenschutkin
93reactions, by Stefani , although the correlations were not v e r y
good for hydroxylic solvents* •
Reasonable correlations between reaction rate coefficient 
94and 6 were, obtained for the solvolysis of tertiary butyl 
chloride when hydroxylic and aprotic solvents were treated 
separately* For the more limited data available on the solvolysis' 
reaction of tertiary butyl bromide, all solvents appeared to give 
the same correlation*
It is somewhat surprising that such good correlations are 
obtained since equations (3) and (4) were derived for solutions 
of non-polar non-electrolytes in solvents of low polarity, 
whereas the S^ 1 solvolyses above involve polar, though neutral, 
transition states in solvents of quite high polarity* In such cases,
*  F o r  u n i m o l e c u l a r  r e a c t i o n s ,  e q u a t i o n s  ( l ) ,  ( 3 ) ,  ( 4 )  s t i l l  a p p l y ,  
b u t  i n v o l v e  p a r a m e t e r s  f o r  o n l y  o n e  r e a c t a n t *
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t h e  e q u a t i o n s  i n v o l v i n g  t h e  s o l u b i l i t y  p a r a m e t e r  6  a r e .  n o t  i n  
g e n e r a l  e x p e c t e d  t o  b e  v a l i d ,  a n d  t h e o r i e s  i n v o l v i n g  e l e c t r o s t a t i c  
f o r c e s  w o u l d  s e e m  t o  b e  m o r e  a p p r o p r i a t e .
I n  a  r e a c t i o n  b e t w e e n  n e u t r a l ,  b u t  p o l a r ,  m o l e c u l e s ,  t h e  
e l e c t r o s t a t i c  a t t r a c t i o n  w h i c h  e x i s t s  b e t w e e n  t h e  r e a c t a n t s  a n d  
t h e  s o l v e n t  m e d i u m  w i l l  i n f l u e n c e  t h e  e n e r g y  o f  t h e  s y s t e m ,  a n d
h e n c e  a f f e c t  t h e  r a t e  o f  a n y  r e a c t i o n  w h i c h  o c c u r s .  E q u a t i o n  ( 5 ) ,
8 8 b  9 5
w h i c h  f o l l o w s  f r o m  K i r k w o o d ' s  c a l c u l a t i o n s  ,  i s  a n  e x p r e s s i o n
f o r  t h e  e l e c t r o s t a t i c  c o n t r i b u t i o n  t o  t h e  f r e e  e n e r g y  o f  t r a n s f e r
f r o m  a  m e d i u m  o f  d i e l e c t r i c  c o n s t a n t  u n i t y  t o  o n e  o f  d i e l e c t r i c
2 '
Ac/ R T  I n  y P- D - 1
2 D  +  1
(5)
c o n s t a n t  D ,  o f  a  d i p o l e  o f  m o m e n t  (_l i n  a  s p h e r i c a l  m o l e c u l e  o f  
r a d i u s  r  a n d  a c t i v i t y  c o e f f i c i e n t  y .
S u b s t i t u t i n g  f r o m  e q u a t i o n  ( 5 )  i n t o  e q u a t i o n  ( 1 ) ,  o n  p a g e  6 8 ,  
i t  f o l l o w s  t h a t
R T  I n  k  =  R T  I n  Y  A Y B  =
k Y
D  -  1
2D + 1 v y
A to
’ A  r B  J
N o t e  t h a t  a l t h o u g h  t h e  d i e l e c t r i c  c o n s t a n t  D  a c t u a l l y  r e f e r s  t o  
t h a t  o f  t h e  s o l u t i o n ,  i t  i s  u s u a l ,  w h e n  w o r k i n g  w i t h  d i l u t e  
s o l u t i o n s ,  t o  c o n s i d e r  D  a s  t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  p u r e  
s o l v e n t .
I f  t h e  t r a n s i t i o n  s t a t e  o f  a  r e a c t i o n  i s  e l e c t r i c a l l y  n e u t r a l  
b u t  w i t h  a  s t r o n g e r  d i p o l e  t h a n  t h e  i n i t i a l  s t a t e ,  t h e n  l o g  k  
s h o u l d  b e  a  l i n e a r  f u n c t i o n  o f  ( D  -  l ) / ( 2 D  +  1 ) ,  a n d  i n c r e a s i n g  
d i e l e c t r i c  c o n s t a n t  w i l l  p r o d u c e  a n  i n c r e a s e  i n  r a t e .
v .  5
(6)
S u c h  a  r e l a t i o n s h i p  - w a s  f o u n d  b y  A b r a h a m  a n d  J o h n s t o n
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for the following reaction in a range of methanol/water mixtures
R . Sn + HgCl --- -> RHgCl 4- R_3nCl4 2 3
, s Qf>)0The Kirkwood equation ( 6 ) has also been successfully applied
to the Menschutkin roactions between pyridine and benzyl bromide, 
and between triethylamine and benzyl bromide, in benzene/alcohol 
mixtures, but in general the correlations are not very good, the
makes no allowance for non-electrostatic forces, such as effects 
due to polarisation, which will probs.bly play a significant part 
in most reactions. Correlations are particularly poor when a
studied, rather than a series of binary mixtures containing 
different proportions of the two pure solvents.
The number of correlations between rate of reaction and the 
parameters 5 or D is small, and there are several cases where they 
fail completely. However, they are useful in that they give a 
quantitative prediction about the change of rate with change of 
solvent, and that where they apply, they yield quantitative 
information on the nature of transition states, giving values of 
the charge separation and the dipole moment of the transition 
state.
96Grunwald and Winstein set up a linear free energy relationship 
to correlate rates for some S^ 1 solvolysis reactions with 
measures of the ionising power of the solvent (the ability of the 
solvent to solvate ions). They defined a parameter Y, ■ characteristic 
of the solvent, as
reason for this probably being that the Kirkwood function (6)
series of pure solvents of different dielectric constant is
log ko
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where k^u 01 and k 01 are the rate constants at 25 °C for the o
solvolysis of tertiary butyl chloride in the solvent used, and in 
the reference solvent, 80/ aqueous ethanol* They showed that for 
a number of solvolysis reactions, a plot of the logarithms of the 
rate coefficients in various solvents against logarithms of the 
tertiary butyl chloride solvolyses, was linear, and so they were 
able to formulate the following expression, in which Y is as 
defined previously* The value of m is characteristic of the
log ^  = mY
ko
substrate, and is considered to be a measure of the sensitivity
of the reaction to solvent changes* The rate coefficient, k,
is that for reaction in the solvent under consideration, and k' o
is its rate coefficient in the reference solvent. It follows
that for the solvolysis of Bu^Cl in 80/ aqueous EtOE, m = 1 and Y = 0*
They successfully correlated a number of S.r1 solvolyses fori'i
a wide range of solvents (usually aqueous organic mixtures), using
97-100this equation, but in later papers , they reported, less
success for a number of other solvent mixtures, where they obtained
different values of m for the same reaction in different mixtures.
However, the range of application of the correlation can be
extended if each compound is given a series of m values, one
for each pair of solvents* Note that the Y values obtained did
not always parallel the dielectric constants of the various solvents*
10 101A similar equation was proposed 3 by Gielen and Nasielski
loS f. = V'L
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The rate coefficient for an electrophilic reaction in a given
solvent is k, and in acetic acid (the reference solvent) is k ,
/
and p is a constant which depends on the nature of the.electrophile 
and on the organometallic substrate. For the bromodemetallation 
of tetramethyltin, p = 1 . In this equation, X is defined as the 
solvent polarity, so that for acetic acid, X = 0„
From this relationship, they obtained values of X for four 
solvents. These values were shown to be linearly related to the 
ratio of the rate for the methyl substituent to the rate for the 
ethyl substituent, for both the bromo- and iodo-demetallation 
reactions of tetra-alkyltins, and for the iododemetallation of 
tetra-alkyHeads. For example, for the bromodemetallations of 
tetra-alkyltins,
.Melc
10 g ~ v  = 0.47X - 0.04
k
From these linear equations, they were therefore able to calculate 
X values for the other-solvents, from their experimental results.
The order of Gielen and Nasielski's X values showed some 
parallelism with the order of increasing dielectric constant of 
the solvent. However, there was no quantitative correlation, and 
Gielen and Nasielski considered that the values of X might be 
dependent on the nucleophilic power of the solvent, as well as on 
the dielectric constant. They therefore determined the coupling 
constants between tin and hydrogen in trimethyltin bromide, in 
various solvents. These are solvent dependent, and appear to 
reflect the nucleophilic power of the solvent towards the tin 
atom carrying a partial positive charge. The coupling constants
for electrophilic substitution reactions at saturated carbon.
obtained did show a correlation with the X values, and so confirmed 
their prediction*
Other, more complicated equations have been devised10^  to
yield better correlations between reaction rates and solvent
properties, but these are seldom of great use, since it is clear
that by increasing the number of parameters in the equation,
more accurate correlations will, of necessity, be obtained*
103Kosower related solvent polarity to a spectral measurement* 
He showed that the charge transfer absorption maxima of 1-a.lkyl- 
pyridinium iodide complexes are solvent dependent, and he used the 
molar transition energies as measures of solvent polarity, Z* 
Kosower used as his test dye l-ethyl-4-methoxycarbonylpyridinium 
iodide (1)
GV ° 2 - C y ~ C2H5I” 1°
(la) (1b)
Excellent linear correlations are obtained between Kosower's Z 
values and Grunwald and Winstein’s Y values.
The range of solvents that could be examined by Kosower?s 
method was extended by Reichardt and D i m r o t h J * The molar 
transition energy (E^) of the solvatochromatic band of the test 
substance, pyridinium N-phenolbetaine, was measured in the differen 
solvents, and because of the large band displacements caused, the 
values tjrovided an excellent characterisation of solvent polarity. 
Since the band lies in the visible region of the spectrum, it is 
possible to estimate visually the solvent polarity, E^ values are 
known for 62 pure solvents, and 5 sets of solvent mixtures, and
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Z = 1.41 Erf + 6.92
Both Z and Er^ values should provide an estimate of the free 
energy of stabilisation of ion pairs, although since the solvent 
organisation around the non-polar excited state (lb) is the same 
as for (la), the observed values of Z (and of E^) will correspond 
neither to the free energy of transfer of (l), nor to the
electrostatic contribution to the free energy of transfer of (l).
1 0 5Kosower early on showed that there was a correlation between 
Z and log k for the Menschutkin reaction between ethyl iodide and 
triethylamine, in alcoholic solvents, but this correlation did 
not extend to other types of solvent.
94 ■Reasonable correlations with E^ have been obtained for 
the Menschutkin reaction between trimethylamine and p-nitrobenzyl 
chloride in aprotic solvents, and for the solvolysis of tertiary 
butyl chloride in aprotic and hyaroxylic solvents.
The table given on the following page lists values of 
various parameters for a range of common solvents.
• Summing up the comments in this section, and considering 
only reactions in which relatively non-polar neutral molecules 
proceed to a neutral transition state, it is to be expected that 
if the transition state is also non-polar, then the logarithm of 
the reaction rate coefficient should be linearly related to 6^.
A transition state which is more polar than the reactants should 
give a linear plot with 6° If the transition state is electrically 
neutral, but with a pronounced dipole, then the logarithm of the 
rate coefficient should be linearly related to (D - 1)/(2D H- l), 
whilst if the transition state resembles an ion pair, the linear
are linearly related to Kosower's Z values,by
77
correlation should be with Z or Erp. The obvious difficulty in 
the entire treatment of solvent effects in this way is that effects 
on the rates of a reaction are the result of separate effects on 
the reactants and on the transition state, and so should be 
treated as such if any valid information is to be deduced about 
'the nature of the transition state.
Solvent parameters, at 25 °0
Solvent Ya xe b a,bT Dc
sc,d 1 ooo^ d/m
H20 3©493 94© 6 63.1 78.54 23*4 55.35
MeOH -1 o o CO o 0.91 83©6 55.5 32.62 14.3 24 ©55
EtOH -2©033 79 ©6 51 ©9 24.33 12.7 17.05
PrnOH . 78.3 50.7 20.45 11.9 13.31
BunOH 77© 7 50.2 17.45 11.4 10.87
PrXOH -2©73 76.3 48.6 19.41 11.5 12.99
Br/ OH 71 ©3 43©9 12.50 10.5 10.53
MeCN 0.04 71.3 46.0 36.02 11,7 18.92
KeCOMe 65© 7 42.2 20.49 9.6 13.52
CH„C0 Et 2 2 38.1 6.02 8.9 10.15
CGI4 -4©8 32.5 2.23 8.6 10.30
CrH *6 14 30 ©9 1 ©90 7© 3 7.598
CH. CO H 
y 2 0.0 51 ©2 6.19 8.9 17.38
BMSO 1.6 45.0 46 a 68 13i0 14.00
BMP 0.8 43.8 36.71 11.8 12.91
PhCl -1.9 37 ©5 5.62 9.5 9.776
a values from Ref. 104 b units kcal mol-1
c values from Ref. 94 d units (cal cm-¥
e values from Ref. 10, 101
SECTION 7
Initial State and Transition State 
Solvent Effects
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The rate acceleration of S.T1 solvolysis reactions brought 
about by an increase in solvent polarity is well known. The 
reason for such a rate increase was thought to be that the 
polar transition state would be more stabilised, and therefore 
have a lower free energy, in a more polar environment. A more 
detailed discussion of the theory has been given in the previous 
section, on page 66* However, Winstein and Fainberg'0 ,^ studying 
the solvolysis of tertiary butyl chloride in several solvents, 
mainly aqueous organic mixtures, pointed out that the only 
requirement for a rate increase is a reduction in the free energy 
of reaction, which could be brought about by an increase in the
free energy of the initial state, a decrease in the free energy
of the transition state, or a combination of both. They in fact
found that for the solvolysis of tertiary butyl chloride in­
solvents aqueous methanol and aqueous ethanol, the rate acceleration 
brought about by the addition of water to the system was due to 
an increase in the free energy of the initial state.
Thus, in order to see more clearly what is happening during, 
the course of a reaction, it is necessary to consider initial state 
and transition state effects separately.
After this initial work by Winstein and coworkers there was •
107 1 09a lapse in interest in the subject, until Arnett and coworkers r 
again considered the Sv-1 reaction. Parker and coworlcers^have 
published results on transition state and initial state effects 
in S,r2 reactions, but since their reactions involve ions, their 
work will not be considered here. Recently, several studies have 
been carried out on bimolecular reactions between neutral molecules, 
in terms of enthalpy, free energy and entropy.
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The nomenclature used in these dissections is very straight­
forward, and can be readily applied to any activation parameter* 
Considering firstly a reaction in solvent 1 (the reference solvent), 
and referring to the transition state as Tr, we have the following 
equation for the enthalpy of activation, when the reactants and 
transition state are in thermal and chemical equilibrium*
= A H f1°(Tr) - y A H f1°(Reactants)
where A S f1°(x) is the standard enthalpy of formation of the 
species X in solvent 1 * An analogous equation may be written for 
the reaction in solvent 2, so that, on subtraction,
A h /  - A h /  = A H f2°(Tr) - A H f 1 °(Tr)
~ ■[ /  A ....°(Reactantra) •/ A h ^  °(Reactants) |
Using simpler notation,
o A h^ = A h^  - A h ^  = A  Hj.°(Tr) - ^ A n t°(Reactants)
where A.H^°(x) denotes the standard enthalpy of transfer of. the 
species X from solvent 1 to solvent 2* An analogous expression 
may be derived for the standard free energy of transfer from
solvent 1 to solvent 2*
d A i Y  = - <A g^  = ' A  Gt°(Tr) - ^ A A g^°(Reactants)
The activation parameters must be expressed with reference to 
a standard state, and any one of the three common concentration 
scales may be used, so long as it is used consistently* The three 
scales are;
(a) The raolal scale (no* of moles of solute per kg solvent)
(b) The molar scale (no. of moles of solute per 1000 cm3 solution)
(c) The mole fraction scale (no* of moles of solute divided by 
total no. of moles of solute plus solvent)
The last scale would seem to be the most fundamental, as mole 
fraction determinations do not require any extra parameters such 
as density, volume or temperature* This scale has therefore been 
used by Abraham in all his calculations, and will be used in the 
present work* The scales are readily interconvertible by the 
use of the following equations, for dilute solutions.
1OOOpxc = 1 -  j ° m
14
where c, x, m are the concentrations on the molar, mole fraction
and molal scales, and M and p  are the molecular weight and
density of the pure solvent.
The importance of being able to evaluate standard free
energies of transfer of transition states, /\(L °(Tr) is that,
although the values do not, in themselves, usually yield any
information about the nature of the transition state, they can
be compared with values for various model solutes. If the two
sets of values closely resemble each other, then the assumption
can be made that the nature of the transition state is similar to
that of the chosen solute. Another method, which has been used by 
110Ilaberfield , for some S^2 reactions, is to compare values of the 
standard enthalpies of transf er of the transition state, /\H °(Tr), 
with values for the corresponding reactants and products.
For substitutions involving neutral molecules, and leading 
to relatively non-polar transition states, model solutes could
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be non-electrolytes. In the case of relatively polar transition 
states, suitable models could include ion pairs and dissociated 
pairs of ions of about the same sis?© and shape a® the transition 
states.
It has been suggested”^ 1 * that if values of A>G, °(Tr) are
•
plotted, for various solvents, against values for tetra-alkyl-
ammonium halide ion pairs, A t o  °(R NX), then the graph obtained
T  4
can yield important information about the nature of the transition 
state. Three extreme cases can be listed, and intermediate-type 
behaviour is to be expected in many cases.
.(a) If a straight line of unit slope is obtained for both hydroxylic 
and aprotic solvents, then the transition state can be said to 
resemble an ion pair, being polarisable with a high charge 
separation.
(b) A single curve of slight negative slope implies that the transition 
state resembles a non-polarisable non-electrolyte.
(c) Double curves (one for hydroxylic solvents and one for aprotic'
solvents) could mean that the transition state resembles a
polarisable non-electrolyte.
,92I'/ong and Eckert found that in the Diels Alder reaction of
maleic anhydride with 1,3-butadiene, for which the solvent effects
on all the species present were studied, values ofZ\G_,0(Tr) ■c
paralleled the values for maleic anhydride, suggesting that the
transition state must therefore be electronically similar to
maleic anhydride, and not to the addition product. Also, plots
ofAto° for maleic anhydride, and for the transition state, ,
against values for tetra-alkylarnmoniun halides, give fairly 
94straight lines , of very low slopes, corresponding to the
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behaviour of polarisable solutes which are carrying little 
charge separation.
When it is practically possible to carry out a dissection, 
this treatment of solvent effects is obviously of great utility 
in gaining more information about the nature of the transition 
state. There are several possible methods available for calculating 
values of the free energies and enthalpies of transfer.
Standard enthalpies of transfer can be defined in. terms of 
the heat of solution of the solute at infinite dilution in the 
two solvents,
A i t°(s) = A h s >2°(x ) - A HS;1°(X)
The dissection of solvent effects for the reaction between
mercury(ll) chloride and tetraethyltin as methanol is replaced
112by methanol-water mixtures was carried out in this way 
Enthalpies of solution were determined calorimetrically for the 
reactants, and these were combined with the activation enthalpies, 
calculated from the rate coefficients, to give values of the 
standard free enthalpy of transfer of the transition state. For 
the highly methanolic region. A h °(Tr) was essentially zero, but 
it increased rapidly in the more aqueous solvents, as a result 
of the increase in Z\H^°(Reactants). The values obtained could 
not be correlated successfully with non-polar solutes such as 
tertiary butyl chloride, or simple 1:1 electrolytes like potassium 
bromide. However, it was suggested that a much larger 1:1 
electrolyte, nearer to the size of the St^Sn-HgCl0 transition state, 
such as a tetra-alkylammonium salt with a large anion, might 
provide a suitable model, but the required data were not available.
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Menschutkin reactions, changing the solvent from methanol to 
i  i  ***>DMF were shorn to be entirely due to decreases in the enthalpies 
of the transition states*
Values of ZfeG,0(Tr) are frequently of more use than Z\K,°(Tr)« 
The standard free energies of transfer may be determined by 
various methods, for example, by solubility measurements*
If a saturated solution of a solute in solvent 1 is in 
equilibrium with a solid phase, then
+ Kiln a /  (l)
where p..jS is the chemical potential of the solute in the saturated
solution, and ji,j° is the chemical potential of the solute in the
hypothetical standard state, or the chemical potential of the
spure solute, depending on the definition of , which is the 
activity of the solute expressed on a convenient concentration 
scale (see page 80)* A similar equation may be written for solvent 
2, and if the same solid phase is in equilibrium with each- 
saturated solution, then
s s
' TO = 1
so that
s
n2° - = A g /  = RT In A .  (2)
a2S
which is an expression for the standard free energy of transfer 
of a solute from solvent 1 to solvent 2, in terms of the activities* 
The activity of a species can be expressed in several 
different forms, depending on the chosen concentration scale, and
Also, the effects on the activation enthalpy of some
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aX = yHX x (2)
Here, y^- is the mole fraction Henry’s law secondary medium’ 
activity coefficient, x is the mole fraction concentration of 
the solute in the solution, and yT, — 1 as xeO. The standard1 r j_
state here is the hypothetical state of unit mole fraction and 
unit activity. Similarly, on the molar scale,
a° = YH° « (4)
cHere, y^ ’^ e molar Henry’s law secondary7- medium activity 
coefficient, and c is the molar concentration of solute. Again,
QYrr — as c—>0, and the standard state is the hypothetical state
i i
of unit molar concentration and unit activity.
In both of these cases, p.0 in equation (1) on page 34 is 
defined as the Chemical potential of the solute in the hypothetical 
standard state. Therefore, using the mole fraction scale, and 
combining equations (2) and (3), |
x
A o t° = RT la If /  (5)
' x2
The determination of the solubilities of the solute in the 
two solvents, x^  and x^ is straightforward. The activity 
coefficients can be obtained from the distribution of the solute 
between one of the solvents, and a second, immiscible, solvent, in 
which the solute is only sparingly soluble. However, if, as in the 
case of mercury(ll) chloride, and, in fact, most non-electrolytes, 
the solute deviates only slightly from ideal behaviour in 
solvents 1 and 2, the ratio of activity coefficients, Yj^to/ YH2^
standard state. Using the mole fraction scale,
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significant error into the final value 01 /\G °*
V a lue s of / \ ,  G, ° may also be determined from Henry's law c
constants of the solute in the two solvents* The activity may
be defined in a third way (compare with equations (3) and (4)? as
x xa = yR x
X Xwhere y-q Raoult ’s law activity coefficient and — ->1
as x — ->1* Under this definition, (J° in equation (1) is now the 
chemical potential of the pure solute*
The Raoult's law activity coefficient can be expressed as
in equation (5) can be taken as unity without introducing any
R (6)
where P is the vapour pressure of the solute above the solution
01 mole fraction solute concentration x, and P is the vaoour
9 o
pressure of the pure solute* The terminal value of this activity
coefficient at infinite dilution can now be defined as
00 ( X ni 
Y = "^ R x—>0 =
/■ N
P
f  N
HX
--- - s= —
P X 0fe .>
x->0 p0 x-)0
(7)
where H is the Henry's law constant in that solvent*
Note that the relationship between these different activity 
coefficients as introduced in, eo_uations (3)? (6) and (7) is
R
co
x co xsince, when x-$>0, y- — ? and s0 Yu — *1» as required* The11 xi
GOquantity y can be considered as a primary medium activity
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coefficient, because its values in solvents 1 and 2 may be used
directly to determine through equation (s)
00
A e tX = RT In J: (8)
oo
q
The symbol A^ GxX implies the superscript ’o', and refers to the
standard free energy of transfer. Combining equations (7) and (8),
H x
x 2A c , x = RT In t
A
so that a knowledge of the Henry's law constants leads to A c .  \c
However, it is not necessary to obtain the absolute values of the
21 / 2!Henry's law constants, since the required ratio y7 can
be readily obtained by gas liquid chromatography, This method
114 /\ xhas been used ‘ to determine a a G, for various tetra-alkyltins.v J
If the detector response (peak height) D is proportional to the 
concentration x of solute in the vapour above the solution, then, 
provided that the values of D/x have been extrapolated, if 
necessary, to zero concentration,
h 2x = d2 /x2
H 1Z D1 /q
A  CtX may also be determined from a knowledge of the mole 
fraction distribution coefficients of the solute between the two 
pairs of immiscible solvents 1 and 3, and 2 and 3. If these 
coefficients are
C X = 3 and C X = 31 —  2 —
X1 X2
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then the standard free energy of transfer from'solvent 1 to 2 can 
be expressed as
C.
A g ,X = RT In t
2
x x-eO
The value of (see the dissection equation on page 80)
can be simply calculated from a knowledge of the reaction rate
coefficients for the reaction in the two solvents, k„ and k_.9 1 2
= A /  - A ® /  = ~RT la k2
A dissection of solvent effects on the free energies of 
transfer from methanol to aqueous methanol for the 3^2 reactions
i  «j
between tetra-alkyltins and mercury(ll) chloride was carried out 
by using solubility and gas liquid chromatography techniques, and 
the conclusions agreed with those deduced previously from the 
enthalpy dissections (see page 83). The rate increases occurring 
on addition of water tp methanol were found to be entirely due 
to destabilisation of the reactants, and it was felt, from 
comparison with perchlorate ion pair data, that the transition 
state was probably quite like an ion pair, although it was inter­
mediate in character between this and a non-polar solute.
115More recently a dissection of solvent effects has been 
carried out on the reaction between tetraethyltin and mercury(II) 
chloride in tertiary butanol-methanol mixtures. It was shown 
that the rate decreases as the tertiary butanol content of the 
solvent was increased were due to the solvent effect on the 
transition state (although there were large effects on the two
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reactants, these were in different directions, and so cancelled 
out). On plotting the values of ft A  and of AcfefeTr) 
against the Kirkwood function (D - 1)/(2D + 1), good straight 
lines were obtained. The range of values of the dipole moment of 
the transition state thus obtained was even higher than that for 
the transition state of the S.^ 1 solvolysis reaction of tertiary 
butyl chloride, suggesting that an open transition state was
operating in the S.n2 reaction.° E
116Solvent effects have been dissected for the Menschutkin
reaction between trimethylamine and p-nitrobenzyl chloride, and
the effect on A g^  was shown to be largely the result of the
effects on the transition state. Over the range of 18 solvents
considered, there was shown to be a partial correlation of
As. G x(Tr) with the Kirkwood function (D ~ l)/(2D + l). Values
of Z\G^.x(Tr) could not be compared with values for the quarternary
ammonium chloride salt or ion pair, because the data were not
available. However, solubility data for tetraethjriammoniuia
iodide were used to calculate the required free energies of
transfer for the tetraethylammonium iodide ion pair and dissociated
species, and / \  G,x(fr) compared with these. It was shown that c
the salt was a poor model, and the ion pair was only a little 
better, with its range of A g^x being much larger than that ox 
Z\G,X(Tr). It was concluded, therefore, that the transition state 
was intermediate in character between an ion pair and a non-polar 
solute such as one of the reactants, probably nearer to a noil-polar 
solute. This result explains why, in general, Menschutkin reactions 
react faster in dipolar aprotic solvents than in protic solvents, 
like alcohols; the comparatively non-polar transition state
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cannot set up specific solute-solvent interactions in orotic 
solvents, and is therefore destabilised, whereas aprotic solvents 
can lower the free energy of the transition state through non­
specific dispersion forces.
In contrast with their effects on the Menschutkin reactions,
protic solvents produce much higher rates in the solvolysis
116reacions of alkyl halides. A dissection of solvent effects on
the S^ 1 solvolysis of tertiary butyl chloride shows that the
influence of solvent on A  cfa again parallels the values of
A>G^X(Tr), which in turn are very similar"* "* "* to the values for
the tetramethylammonium chloride ion pair. A plot of A g °(Tt-)0
against values for the ion pair gives a good straight line, 
whereas a plot against values for the dissociated species yields 
a poor line, indicating that the tertiary butyl chloride transition 
state is intermediate in character between an ion pair and a neutral 
solute, although-probably nearer an ion pair, For this reason, the 
solvolysis will proceed faster in alcohols than in dipolar 
aprotic solvents, because of the possibility of specific solute- 
solvent interactions with the transition state, which would lead 
to a comparative lowering of its free energy, and hence to a rate 
increase,
111A similar dissection of the solvent effects on the 
decomposition of tertiary butyl bromide also showed that the 
effects on were largely the result of the effects on the
transition state, and the implication of a plot of. AG,_x(Tr) 
against Z \ g X(l4e NBr) was that the transition state was intermediate
x 4
in character between an ion pair and a neutral reactant, closer to 
the Ion pair.
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A dissection was carried out on the solvolysis of normal
butyl bromide in methanol, and in methanol-water mixtures. Two
sets of values of Z a G^ S(Tr) were obtained, one by treating the
solvolysis as S^ T1 and calculating for the normal butyl
bromide transition state, and the second by treating it as S,_2
and determining As, G^X(Tr) for the BunBr-MeOH transition state.
The two sets were very similar, showing that this method of
dissection cannot be used to distinguish between the two mechanisms.
The values of A,G4s(Tr) implied that both transition states are •
intermediate in character between a non-polar solute and an
ion pair, although probably sorae way removed from the latter.
117Tn a later paper , Abraham and Johnston went on'to probe 
more deeply the problem of using initial and transition state 
effects to distinguish between mechanisms. The object was to 
split the free energies of transfer ( A g ,°) of the reactants andX
transition states for several reactions, into electrostatic (A  G 0) 
and non-electrostatic (Ato^0) contributions. The formulation 
given below was used. This had been suggested a few years before,
A g/  = A  g 0 + A  g 0t e n
118by Alfenaar and de Ligny , for the chemical potentials of 
dissolved ions, and in the equation, Ai G 0 for a large ion can 
be taken equal to the value ZA G, for an uncharged non-polar"C O x
solute of the same size (since, by definition, for, any non-polar
non-electrolyte, Z \ g^° - 0;.
Having obtained all the required molar volumes for the various
solutes, Abraham and Johnston were able to tabulate these with the
corresponding values of A g ° (i.e. A  GJ °) for a number of ,n t
114
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non-polar non-electrolytes. These values w e r e then fitted to a 1
fifth order binomial function of the molar volume, thus allowing
the calculation of A  C  for any solute. In this way, values
of A s '  fe and hence A g 0 were calculated for several ion pairs* n 9 e
The average value of A. G ° for transfer of an ion pair was taken 
to be the electrostatic contribution to the free energy of transfer 
of a dipole with a charge separation ( d ± ) of 1 unit of electronic 
charge.
Using this correspondence, values of 6 ±  w e r e calculated for-
the tertiary butyl chloride transition state and for'the
transition state of the reaction between trimethylamine and
methyl iodide, and in view of the good agreement between these
values and previous estimates, it was suggested that the value of
A & e°(Tr) for an electrically neutral transition state could be
taken as a measure of the extent of its charge separation.
The 6± value for the tertiary butyl chloride transition state
was taken as the reference, and it was demonstrated that reactions
proceeding by the S^-1 mechanisms were characterised by large
negative values of A g ( fell-) and correspondingly large values ofe
5 ± (generally greater than 0.8 units of charge). Conversely, S.T2 
reactions had small negative values of A^G^0 and low values of 
6± (about 0.3 units). Intermediate values of o ± indicate, a 
border-line mechanism.
Although the majority of the calculations were performed on 
nucleophilic reactions, values of <5± were also computed for some 
Sp2 reactions between mercury(ll) chloride and tetra-alkyltins.
The high values obtained indicated that the transition states were 
open rather than cyclic.
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Solvent effects have also been dissected into initial
state and transition state effects for the 3,-2 iododemetallationsE
of tetramethyllead and tetraethyllead, which were examined
119kinetically by Tagliavini and coworkers , and by Gielen and
101 •Nasielski 0 The effect of aprotic solvents on the rates of
reaction was more pronounced than the effect on Menschutkin reactions.
The dissection was carried out for 8 solvents, of all types,and
initial state effects were shown to b-s quite high. The relative
reactivities of the tetra-alkylleads (Me^Pb reacting faster than
Et^Pb in polar solvents, and conversely in non-polar solvents) were
shown to be due to transition state effects. Little information
could be deduced about the nature of the transition states.
111
DISCUSSION
* *
SECTION 8
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1 2(S,-2)'has been well documented, and it has been found 9 that the 
h  ' 9
stereochemical course of the S^2 reaction is inversion of
configuration at the substituted carbon atom.
S' \ dbx TT
The mechanism of bimolecular nucleophilic substitution
HO" + ...C-— hr HO— -C Br
v.
HO —  C, + Br
For bimolecular electrophilic substitution (S.n2) atii
saturated carbon, the situation is not clear cut. Several
7variants of the S.f),2 mechanism are possible ; of these, the three 
to be discussed here are S„2(open)Inv, S„2(onen)Ret and S_,2(cyclic)ii ii ii
Note that a cyclic transition state necessarily implies retention 
of configuration. The three transition states are shown below.
N— S C Y
-Y
WE— N
-Y.
• <X >N
S^2(open)Inv S 2(open)Ret S1?2( cyclic)
More details of the S^2 and S^2 mechanisms are given in the 
Introduction, Section 1.
It is therefore of importance to be able to deduce which variant 
is operating in any S_,2 reaction. In principle, although they are 
not always possible in practice, methods such as kinetic salt 
effects could be used to deduce whether the transition state 
was open or cyclic, but the only direct method of stereochemical 
assignment involves the use of optical activity; this-may not 
always be practically possible. At present there are two main 
theories which have been put forward in an effort to be able to
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deduce the true mechanism which is operating in any particular 
reaction.
7The first, by Abraham and Hill , was a correlation between
the reaction rate sequence and the mechanism of substitution. If •
the substrate in the S_2 reaction is RMX (see Section 1), thenE n
if the metal, H, the attacking reagent, the solvent and the 
external conditions such as temperature are all kept constant, 
the reaction rate sequence refers to the manner in which the rate 
of reaction alters as the groups R, and in some cases, X (if X 
is an alkyl group) are changed.
Abraham and Hill^ proposed that a steric sequence of reaction 
rates,
R = Me > St > Prn >  Pr1 >  Bu1 
implies dominant electrophilic attack by the attacking reagent, 
through an open transition state. A cyclic transition state was 
considered to be the result of an increased degree of nucleophilic 
activity in the attacking reagent, characterised by a reaction 
rate sequence somewhere in between the steric sequence, above, 
and the polar sequence,
R = Me < Et > Pr11 < Pr1 <  Bu1
A reaction which illustrates the main points of Abraham and 
Hill's theory is the iododemetallation reaction of tetra-alkyltin 
Relative rate data for the reactions at 20 °G are tabulated below, 
and are taken from the table on page 29.
Solvent Rs He Et -n 11Pr Bun Pr1
MeOH 100 12 1 o4 0.57 0.06
AcOH 100 33 3.9 3.3 0.03
PhCl 100 600 78 60 560
Here, reaction in methanol and in acetic acid occurs through 
open transition states, while in chlorobenzene, the transition 
state is- cyclic©
9The second theory, that of Jensen and Davis', involves a 
correlation between reaction rate sequence and the stereochemistry 
of substitution. They examined the kinetics of the reactions 
between alkyltrineopentyltins and bromine, in methanol© ‘The 
reactions were S,-,2 processes, and they were shown, by optical 
activity studies, to react by an inversion mechanism© The 
logarithms of the rates for a series of alkyl substituents were 
plotted against the logarithms of rates for a typical S,.2 reactioni'i
(Br + RBr), which'was, of course, also an inversion process© A
9straight line was obtained, which led the authors to propose 
that if a straight line was obtained on plotting logarithms of 
rates for an S_,2 reaction against logarithms of rates for an S„T2 
reaction, then this implied that the mechanism was an inversion 
process© From the results of the few S..,2 reactions with retention 
which they considered, Jensen and Davis implied that for a 
retention process, very little variation in rate would be-observed.
It is clear that neither of these theories is complete. The 
first makes no mention of the stereochemistry of substitution, 
whilst the second does not take account of the possibility of 
open and cyclic transition states©
Any attempt to elucidate the complete mechanism of a 
reaction must include a determination of both the kinetics and 
the stereochemistry, under the same conditions© A list of such 
studies on Sr,2 reactions is given in Section 3? page 21 . It is
Hi ^
apparent that halogenation reactions can exhibit either inversion
or retention of configuration. All mercury-for-mercury 
substitutions, whether with open or cyclic transition states, seem 
to proceed with retention of configuration, but in the case of 
other mercury~for-metal substitutions, where the substituted 
metal is not mercury, there is much less evidence. Considering 
only substrates in which the metal atom forms part of an open 
chain, (since with cyclic compounds there might be other steric 
factors to take into account), only two such 3 2  reactions have
J2j
been.studied kinetically and stereochemical !y*
41Mattes on and Bowie studied the STn2 reaction between dibutyl-1 •
Iii
phenylethaneborate and mercury(ll) chloride in solvent water/ 
glycerol/acetone, in the presence of sodium chloride and sodium 
acetate, and concluded that the reaction involved retention of 
c onfi gurat i on.
16 5 ’ 16 5
H—  C —  B(OBu) „ + HgCl  > H - C —  HgCl
l - 2 2 |
CH CH2 . 3
The authors suggested a cyclic transition state, such as 1 or II 
below, with bridging water molecules or acetate ion, and they also
©
/B------- OH -B—   Qv
. ;h © x c — CH,
/  \  // f a  o H ^  'H g -.... o7
c r  c i  \ i
i ii
suggested that there is a strong likelihood of cyclic transition 
states in all electrophilic substitutions that proceed with retention 
of configuration. The transition states I and II above would not
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really be considered as cyclic in our present terminology as 
there is no direct covalent interaction between the entering 
and leaving groups.
Whitesides and Boschetto^ observed at least 90$ retention 
of configuration in the following reaction© • '
d c a , ) ,3 5 
H. -D + HgCl,  >
benzene
Fe(C0)2CP HeCl
No kinetic studies were reported, so it is not known for certain 
if the reaction is of an ST.,2 type© Although the authors made no
-Zi
mention of the shape of the transition state, it is possible that
in the non-polar solvent benzene, a cyclic transition state would
be favoured^ over an open one©
Thus in the only two metal-for-different-metal substitutions
which have been studied in this way, retention could have been the
result of cjrclic transition states© It is therefore not possible
to say categorically that all mercury-for-different-metal
substitutions are retention processes, since there are no cases
in which the stereochemistry of reactions taking place by open
transition states (which could result in either inversion or
retention) has been determined©
5Q Si S3Abraham and coworkers J * have previously carried out 
kinetic studies on the reactions between tetra-alkyltins and 
mercury(II) salts (reaction (l); X = Cl, l) in various solvents,
(i)R S n  + HgX2 -> RJ3nX + RHgX 5
and have obtained a pronounced steric sequence with respect to
for substrates containing highly branched alkyl groups (R = Pr1, 
neo\Pe“ ) because of their slow rates of reaction, although upper
ilimits to the rate coefficients were obtained for R - Pr in
some cases. It was known that mercury(II) acetate is about 100
times as reactive as the chloride or iodide, from work with 
1 20tetraethyl tin , so it was decided to study the reactions between
mercury(ll) acetate and tetra-alkyltins containing the complete 
range (except for R = Bu°) of a~ ana (3-substituted alkyl groups, 
in the hope of deducing the detailed mechanism of reaction (l),
X = OAc.
There was strong evidence to suggest that the transition 
states for reaction (l), X = I, Cl, in various alcoholic solvents 
are open.
r  ry
Reaction (l), X = I, in solvent 96$ methanol-4$ water fe and
y 59 -f ■ 59X = Cl in solvents 96$ methanol-4$ water , 85$ methanol-15$ water ,
59 61pure methanol and pure tertiary butanol all show the steric
7sequence of reactivity, which, according to Abraham and Hill ,
(see page 97) is characteristic of an open transition state.
121The effect of addition of the inert salt lithium perchlorate 
to reaction (l)? X = I, R = Et, Prfe Bufe in solvent-96$ methanol- 
4$ water, was to considerably accelerate the reactions, indicating, 
on the Kughes-Ingold theory, polar, i.e. open, transition states.
Both lithium perchlorate and tctra-n-butylammonium perchlorate
1 4accelerated reaction (l), X = Cl, R = St, in solvent 96$ methanol- 
4$ water. The effect of added tetra-n-butylammonium perchlorate 
on the rate of reaction (l), X = Cl, R = St, in methanol, in
1 20tertiary butanol, and in mixtures of the two, was also investigated ,
the a lky l group R. They were unable to obtain rate constants
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and rate increases were again observed. The salt effect data
 120,122obtained m  this and m e  previous mves 11 gat 1 on ' were
analysed further, and led to the result that all the transition
states were highly polar, with charge separations (z) varying
from 0.75 in the aqueous methanol solvent, and 0.84 in pure methanol,
up to 0.91 iu pure tertiary butanol and 0.93 in a methanol-
tertiary butanol mixture, values consistent only with open
transition states.
Solvent effects produced more corroborative evidence. For
reaction (l), X = 01, It = Me, Et, Pr'1, Bu*1, BuX, the rates increased'’
as solvent methanol was replaced by increasingly aqueous methanol- •
1 20water mixtures. Similar effects were observed for reaction (l),
X = Cl, I, R = Ei, on increasing the solvent polarity from
tertiary butanol, through methanol-tertiary butanol mixtures and
115pure methanol, up to aqueous methanol. A dissection of the 
solvent effects on reaction (i), X = Cl, R = Et, in methanol- 
tertiary butanol mixtures into free energies of transfer of 
initial states and transition states, followed by analysis in 
terms of the Kirkwood equation, gave results consistent with a 
highly polar transition state with a dipole moment of 13.8-14.5 D, 
and charge separation of 0.86-0.91 units. Less complete data 
were available for reaction (1)? X = I, R = Et, in methanol- 
tertiary butanol mixtures, but the general trends led to the 
conclusion that the transition state here was similar to that for 
the reaction (1), X = Cl, R = Et.
For reaction (l), X = OAc, the volume of data available was 
smaller and much less conclusive. The effect on the rate of 
reaction brought about by the addition of tetra-n-butylamrnoniun
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perchlorate, in solvents methanol and tertiary butanol has been
1 20investigated previously , as well as in the present work. In
methanol, very large rate increases were observed, but in the
present work, it proved impossible to assign a value to the rate
coefficient with added salt (see page 231), as curved kinetic
120plots were obtained. It was previously suggested that this 
salt effect could be due to anion exchange, of the type shown,
G104” + Hg(0Ac)2  > Hg(0Ac)(C104) + OAc”
which would be more favourable for the acetate than for the chloride 
or the iodide. In contrast to the salt effect in methanol, the 
effect in tertiary butanol is practically non-existent (see Ref. 120, 
also this work, page 242). Recent work on reaction (l), X = R'CO^, 
R a Et, Bu11, in solvents methanol and tertiary butanol has shown 
that electron-withdrawing substituents in the mercury(ll) carboxylate 
aid reaction, so that the stronger the carboxylic acid, the faster 
is the rate of reaction; this indicates the existence of open 
transition states in both solvents.
In conclusion, it can be said that for reaction (l), X = Cl,, I, 
the transition states are definitely open, but for X = OAc, the 
situation is not quite so clear cut, although open transition 
states seem likely, especially in the polar solvent methanol.
The assignment of stereochemistry to reaction (l), X = OAc, 
posed another problem. All the previous stereochemical 
assignments (see the table on page 21 ) had been made with the use 
of optically active labelling of the substrates. This was not 
possible for reaction (l), X = I, Cl, OAc, as the very slow rates 
of reaction of the large (at least secondary butyl) optically
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active groups would demand great optical stability, and the 
subsequent isolation and characterisation of the products would' 
be difficult. An'indirect method of stereochemical assignment 
was therefore sought.
In this work, reaction (2), R = Me, Et, Pr11, Pr1, Bu11, Bu1, Pene°, 
has been studied kinetically, in solvents methanol and tertiary 
butanol, at 30 °G.
R^Sn + Hg( 0Ac)2 -----> R^SnOAc + RHgOAc (2)
The reactions are kinetically second order (first order in each 
reactant), and involve the attack, of the electrophilic mercury(ll) 
acetate on one of the carbon-tin tf-bonds.
The methods used in the kinetic studies were essentially 
120 122those described before 9 . Runs were set up in the.usual way,
in the presence of small amounts of glacial acetic acid to prevent 
hydrolysis of the mercury(ll) acetate, and aliquots removed at' 
intervals, quenched in a solution of potassium iodide in aqueous 
methanol, and the optical density of the resultant solution 
measured. Computer programs were used, as before, to calculate 
the reaction rate coefficients from the usual second order rate 
equation. For runs with tetra-iso-propyltin and tetraneopentyltin, 
the initial concentrations of reactants were higher than in 
general, and in order to be able to follow the runs over longer 
periods (several months in some cases), aliquots of the reaction 
mixtures were sealed up in glass ampoules and opened when required.
For runs with tetramethyltin in methanol, rates of reaction were 
so fast that the initial concentrations of reactants had to be 
reduced considerably, and a new sampling technique was developed
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to deal with reaction times of a few seconds. Syringes were used 
to quickly add together solutions of the two reactants into a 
small reaction vessel, and the reaction was quenched, after a 
predetermined number of seconds, by addition of quench solution, 
again by syringe.
The values of the rate coefficients for reactions with 
tetraethyltin, tetra-n-propyltin, tetra-n-butyltin and tetra-iso- 
butyltin in methanol were obtained from good second order kinetic 
plots, in general each set of runs having a ‘variance of less then 
2.5/. Runs in tertiary butanol had, in general, slightly higher 
variances, a result, probably, of this solvent being more difficult 
to work with (m.p. 25 °C, high viscosity) than was methanol.
The result for the reaction with tetramethyltin in methanol was 
obtained from a set of ’one-point1 runs, with a variance amongst ■ 
the points of ,1.5?". For runs in both solvents, values of rate 
coefficients for the isopropyl and neopentyl substrates were 
obtained from sets of ’one-point’ rims, the analysis of the contents 
of one ampoule constituting a ’point’. In all cases, the values 
of k represent real values of the rate coefficients,•and not 
upper limits. Considering the difficulties in using the ampoule 
method, and the long reaction times involved, quite reasonably 
straight lines were obtained for the kinetic plots. These results 
are accurate to within 6/ or less. For full details of the 
accuracies claimed in the results, see pages 231 and 242.
The reactions with tetra-isopropyltin are notable in that this 
is the first time that real rate coefficients have been measured 
for this substrate. Previous workers, using the electrophiles
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mercury(ll) chloride and iodide were only able to give upper . 
values for the coefficients, because the reactions were so slow.
This is also the first time that a metal-for~metal substitution 
in which the substrate is tetraneopentyltin has been reported; 
indeed, it is the first ever kinetic study on any substitution 
reaction of tetraneopentyltin. From a purely geometrical 
stand-point, the tetraneopentyltin molecule appears to be so 
crowded that the possibility of an attacking reagent actually 
being able to penetrate as far as a carbon-tin bond might seem to 
be small. However, as can be seen from the results which follow, 
•this is not the case.
f 5
CH — C -C H 3
CH_ CH CH_I 3 | 2 | 3
CH  C CH  Sn —  CH  C---CH^3 | | | 5
CH CH CH3 j 2 3
CH—  o  CH3
ch3
Two dimensional representation of tetraneopentyltin
The full results of the kinetic studies on the reactions
between tetra-alkyltins and mercury(ll) acetate in solvents
methanol and tertiary butanol at 30 °C are given on pages 231
and 242 , and are summarised on the next page. All rate
3 -1 -1coefficients are expressed in units of dm mol min , and rates 
are also given relative to the rate for tetramethyitin being 100.
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R
R Sn 4
Mo
+ Hg( OAc) 2 in 
Et Prn
MeOH
Bu11
at 30 °G 
Bu1 -r, neo Pe Pr1
k 14000 61* 256 12.50 10.39 2.625 1.14x10“2 8.08x10~5
krel 100 0.438 0.0893 0.0742 0.0187 8.14x10~^ 5.77x10~7
R. Sn 4 + IIg(0Ac)2 in bA oh at 30 °C
R Me Et Prn -D nBu Bu1 Peneo Pr1
k 54.40 0.503 0.1137 0.1026 0.0380 9 . 3 8 x 1 0 ” 4  6 .62x10-4
krel 100 0.925 0.209 0.189 0.0698 1 
Q
.72x10~5 1.22x10“5
If Jensen and Davis* correlation^ between rate sequence and 
stereochemistry in S^2 reactions is valid, then the results given 
above should be capable of being explained on that basis.
According to Jensen and Davis^, an Sg2(open)lnv reaction should '
show a.large steric effect which parallels the effect in S^2
reactions. Two graphs are plotted on the following page. The
first is a graph of the logarithms of the rates of Jensen's
Sg2(open)lnv reaction between alkyltrineopentyltins and bromine
in methanol, plotted against Okamoto*s a-values (see page 17 )•
9Although in Jensen and Davis' paper the rates are plotted against 
rates for one particular S^2 process, it is probably of more 
value to use the a-values (averages of the steric effects in a 
number of S^2 reactions). This will also allow comparisons between 
graphs to be made later. The second graph shows the logarithms of 
the rates of the reactions studied in this work, in solvent methanol, 
again plotted against Okamoto's cc-values.
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log k for RSnPe + Br2 (Ref. 9) against 3^2 «-values
S^2 a-values
log k for R^Sn + Hg(0Ac)2 in MeOH (this work) against a-values
3^2 a-values
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It is apparent that, although a rate variation of the 
8order of 10 has been observed for the reactions between tetra- 
alkyltins and mercury(ll) acetate in methanol, the variation is 
of a completely different nature to that reported by Jensen and 
Davis, as can be seen from the differently shaped graphs. Both 
reactions exhibit large steric effects, but in the reaction under 
consideration, reaction (2) below, the effects for the a-substituted
R^Sn + Hg(0Ac)2 ---- > R^SnOAc + RHgOAc (2)
alkyl groups are different from those for the (3~substituted alkyl 
groups. On this evidence, reaction (2) in methanol is therefore 
not an S^2(open)lnv process. Since reaction (2) in methanol 
probably proceeds through an open transition state (see page 103), 
it follows that if the mechanism is not Sg2(open)lnv, then it 
must be SE2(open)Ret, Jensen's supposition of small steric effects 
in S^2 retention reactions may possibly be correct for cyclic 
transition states, but not for open transition states.
Of the two examples of SE2 retention reactions given by 
Jensen and Davis0, one, the reaction between hydrogen chloride and 
dialkylmercurys, is in itself rather dubious, since the kinetics 
were determined in DMSO, and the stereochemistry in dioxan, whilst 
the other reaction, studied by Hughes and coworkers, although 
showing small steric effects, was also not a valid choice, as will 
be shown now.
30Hughes and coworkers had demonstrated conclusively, by
sstudies 'on optically active substrates Bu HgX and by kinetic salt 
effects, that the reactions between alkylmercury(ll) salts and 
mercury(ll) salts in ethanol were S^2(open)Ret processes.
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RHgX + Hg*X2  * RHg*X +, HgX2
(Hg = radioactively labelled Hg)
A plot of the logarithms of the rate coefficients for these 
77reactions against Okamoto's a-values is given below.
log k for RHgX + Hg X2 in ethanol (Ref. 77) against a-values
-6 -4 -2 0 
S^2 a-values
Although the rate variation for these reactions is quantitatively 
much smaller than in reaction (2) (see previous page), in methanol, 
and has a range of only about 100, the similarity between Graph 3 
and Graph 2 (page 108) shows that, qualitatively, the rate 
sequences are identical.
A new correlation is therefore proposed, linking S,n2(open)Sh
rate sequences to the stereochemistry of substitution. If a plot 
of the logarithms of Ss2(open) reaction rate coefficients against
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the logarithms of rates for S^2 reactions (such as Okamoto's 
a-values) gives a straight line, then the proposal is (with Jensen 
and Davis^) that this implies an Sp2(open)lnv process. However, 
if a branched curve is obtained, as in Graph 2 and Graph 3, this 
implies that mechanism SE2(open)Ret is operating.
For cyclic transition states, the situation is not so clear- 
cut, and there may well be a number of reaction rate sequences 
possible, owing to different combinations of steric and polar 
effects in the transition state.
The alkyl reactivity sequence for reaction (2) in tertiary
- R^Sn + Hg(0Ac)2  » R^SnOAc + RHgOAo (2)
butanol at 30 °G is not as pronounced as it is in solvent methanol, 
the graph having a slightly different shape.
log k for R^Sn + Hg(0Ac)2 in Bu^OH (this work) against a-values
S^ .2 a-values
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It has been shown^ that the steric effects in reaction (3)
R^Sn + HgCl2  » R^SnGl + RHgGl (3)
in solvent tertiary butanol are greater than for the same reaction 
in methanol. It is therefore possible that in reaction (2) in 
solvent tertiary butanol, we are observing polar effects super­
imposed upon severe steric effects, resulting in a decreased 
overall effect. It is concluded here that the transition states 
for reaction (2) in tertiary butanol are intermediate between 
open and fully cyclic, and therefore result in retention of 
configuration at the substituted carbon atom. The transition 
state could be as shorn below.
OAc
It should be noted that if the polar effects increased 
considerably, as they would in an Sn2(cyclic) reaction, the iso- 
propyl substrate would react relatively much faster, and the graph 
of the logarithms of rate coefficients for the S^2 process against 
the S^2 a-values might appear to be a straight line. Thus a 
straight line graph could, conceivably, result from operation 
of both an S^2(cyclic) mechanism, and an Sg2(open)lnv mechanism.
Reaction (3)» above, had also been studied kinetically * ,
in solvents methanol and tertiary butanol. In the present work, 
determinations of the reaction rate coefficients for tetraneopentyl- 
tin in the two solvents completed the series, to give the 
following relative reaction rate coefficients. For the reaction
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between tetraneopentyltin and mercury(ll) chloride in tertiary 
butanol, it was only possible to obtain an upper limit to the 
reaction rate coefficient.
R„Sn + HgCl. at 40 °C in MeOH and BuY h 4 2
Solvent R: Me Et Prn Bun Bu c p0neo Pr“
Me0Hc 5 A ,100 0.290 0.0582 0.0552 0.00808 6.61x10 ° <4x10
bY oY  100 0.150 0.024 0.0161 0.00347 <1.03x10~4 «10~4
a see Ref. 59 b see Ref. 61 c this work
—6d from Ref. 59? calculated from 1x10~ /230.1
On plotting logarithms of these relative rates against 
Okamoto's a-values, the graphs shown below, and on the next page, 
were obtained.
log k for ifeSn + HgCl^ in MeOH (Ref. 59 and this work) against
a-values
Graph 5
S 2^ a-values
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log  k fo r
V
-4.
-8-
-6
S^2 a-values
Graph 6
Graph 5, for reaction(3) in methanol, is very similar in 
shape to Graph 2, for the acetate reaction in methanol, and on this 
basis, the reactions between tetra-alkyltins and mercury(ii) 
chloride in methanol proceed by mechanism S„2(open)Ret, in~ jit
agreement with earlier suppositions. The position of the point 
for Pr1 on Graph 6 is not certain. It is quite possible that the 
rate of reaction for this group could be much" less than the 
upper limit given on page 113° If this were the case, then 
Graph 6 would also be similar in appearance to Graphs 5 and 2, 
so that it appears that the reactions between tetra-alkyltins 
and mercury(II) chloride proceed by the SE2(open)Ret mechanism 
also in tertiary butanol, although the evidence from the previous 
work for the mechanism of these reactions in tertiary butanol
R Sn + HgCl in Bu OH (Ref. 61 and this
against a-values
Me
work)
- neo Pe
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was not so powerful as for the reactions in methanol. It can he 
seen from the table which follows on page 120 that for reaction 
(l), X = Cl in MeOH and Bu^OH, and X = OAc in MeOH, the pattern
RSn + HgX ---- > R SnX + RHgX (l)4 2 5
of steric effects for the (3-substituted alkyl groups is very
similar, with a logarithmic rate change of about 6 for all three
reactions, whilst the- rate change is slightly different in the
case of reaction (1), X = OAc in Bu OH. These facts could also
imply a similarity in mechanism for reaction (1), X = Cl in MeOH
and Bu OH, and X = OAc in MeOH, with a different mechanism for 
*fcX = OAc in Bu OH, as has been suggested above.
There are, in the literature, data on other 3^2.reactions 
which have been studied kinetically but not stereochemically, 
and it was decided to apply the results of the findings in this 
work to these reactions.
124Schrauzer and coworkers reported kinetic results on the 
reactions between alkylcobaloximes and mercury(ll) acetate, in
R-{Co) + Hg(0Ac)2 ----> Co+ 4* OAc” 4- RHgOAc
aqueous solution. Although they suggested an inversion process, 
they gave no supporting evidence, and a plot of the logarithms of 
their rate coefficients against the S^2 a-values is shown over 
the page. The shape of this graph leads to the inference that 
these reactions are Sg2(open)Ret processes.
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log k for RfeCo)+ Hg(0Ac)2 (Ref. 124) against a-values
-6._
4 F------ 1-------1-------1
-6 -4 -2 0
S^2 a-values
The same conclusion has been dram for the reactions of
125allcylcobaloximes with Hg(ll), studied by Adin and Espenson , a 
similar graph to Graph 7, above, being obtained. This conclusion 
is in agreement with the authors, who also suggested that the 
reactions were open, retention processes.
Halogenation reactions of tetra-allcyltins in polar solvents
o 5o126at 20 G have been studied in great detail by Gielen and Nasielski 9 ,
although no stereochemical determinations have been carried out.
The transition states were thought to be open, and so the
R^Sn + I2  --- > R^Snl + RI
correlation given on page 110 was applicable. As usual, the logarithms 
of the reaction rate coefficients for three different reactions,
(R^Sn = RSnEt^Y, R^Sn^P ,^ or RSnMe^'Y were plotted against the
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S^2 steric quantities, to give the three graphs shown below.
All three graphs are quite good straight lines, from which it
may be deduced that the reactions are probably Sg2(op'en)lnv
processes. (Note that much better straight lines are obtained
oon plotting against the logarithms of Jensen’s rate coefficients 
for his Sg2(open)lnv reaction, but, for the purpose of comparison, 
plots against Okamoto*s a-values were used again here.) It 
should be emphasised that these assignments are only provisional 
at present, as no bulky ^-substituted groups, such as-Bu1 or Pe1100, 
have yet been studied.
log lc for RSnEt^ 4* in solvent methanol (Ref. 56)
against a-values
Graph 8
S 2 a-valuesLi
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log k for R^Sn + ln s°toent methanol (Ref. 126)
against a-values
log k for RShMe^ + 1^ in solvent methanol (Ref. 56)
against a-values
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If the assignment of SE2(open)lnv to these iododemetallations 
is correct, this poses an interesting problem. Gielen and 
Hasielski have stated that in polar solvents the transition 
states in these reactions will be open, and that in non-polar 
solvents they will be cyclic. If the open transition states were 
of the S^2(open)Ret type, then it is easy to conceive of a spectrum 
of mechanisms, passing from S^2(open)Ret through transition states 
with more cyclic natures, to S„2(cyclic)Ret, as the solventJu
polarity decreases. However, it is possible, as shown above, 
that in the polar solvent methanol, the mechanism operating is 
S„2(open)lriv. Two explanations could accommodate these facts.Hi
The first is that the S^2(open)lnv transition state obtains in 
polar solvents until the polarity has decreased to a particular 
level, when the transition state flips over, and adopts the 
Sg2(cyclic)Ret shape for less polar and non-polar solvents. The 
other, more reasonable, explanation is that both mechanisms, 
S_2(open)lnv and S„2(cyclic), operate in all solvents, but thatij hi
the former is dominant in polar solvents, and the latter dominant 
in non-polar solvents. This would explain the gradual change in 
constitutional effects as the solvent polarity changes.
Summarising the remarks made in this section, for an 
S1?2(open) reaction there are two variants, Sg2(open)lnv and 
S„2(open)Ret. Both mechanisms can result in large steric effects, 
although the effects are not the same. This difference in steric 
effects in S_2(open)lnv and Sri2(open)Ret reactions has been usediL Hi
as the basis of a new correlation between reaction rate sequence 
and stereochemistry of S^2(open) substitution.
The steric effects in Sg2(open)Ret reactions can be illustrated
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of ouch reactions. Although these a-values aro obtained from
p  5a similar equation to that used- for Okamoto’s a-values, the 
reaction constants for the Sg2 reactions vary over a much wider 
range than for the S^2 reactions. There is, therefore, less value 
in the use .of these a-values.
This new correlation between reaction rate sequences and 
stereochemistry in Sg2(open) reactions has been used to assign 
stereochemistries to several Sg2(open) reactions.
The table which follows lists the values of the logarithms 
of the rate coefficients for all the reactions which have been 
mentioned in this section, in the order in which their graphs
127by a set of a-values , obtained from consideration of a number
have been given.
Reaction R: Me Et Pr11 Bun Bu1 r, neo Pe Pr1
1 0,00. -1.31 -1.67 -1.68 -2.69 -6.18 -2.92
2 0.00 -0.84 -1.39 -3.23 -2.12
3 0.00 -2.36 -3.05 -3.13 -3.73 -6.09 -8.24
4 0.00 -0.38 -0.48 -1022(
' 5 OoOO -2.03 -2,68 -2.72 -3.16 -4.76 . -4.91
6 0.00 -2.54 -3.23 -3.26 ' -4.09 -6.18 <-8.40
7 0.00 -2.82 -3.62 -3.79 -4.46 <-5.99 <£-6.00
8 0.00 -1.93 -1.97 -2.51 -2.86 <-4.82
9 0.00 -2.73 -2.85 -2.26 <-6.97
10 0.00 -1.21 -1.74 -1.78 -2.95
11 0.00 -0.93 -1.83 -2.23 -3.25
12 0.00 -0.84 -1.50 -1.13 -2.25
1 S^2 a-values (page 17) ' 7 R Sn + HgCl in Bu^OH (page 113)
2 RSnPen603 + Br2 (Ref. 9) 8 R— C 0 + Hg(0Ac)2 (Ref. 124)
3 .R^ Sn + Hg(0Ac)2 in MeOH (page 107) 9 R—Co + Hg(XX) (Ref. 125)
4 RHgX + HgX (Ref . 77 ) 10 RSnEt^ + I„ in MeOH (Ref. 56)
5 R Sn + Hg(0Ac)2 in Bu OH (page 107) 11 R Sn + 4 I2 in MeOH (Ref. 126)6 R^Sn + HgCl2 in MeOH (page 113) 12 RSnMe_ 3 + I in MeOH (Ref. 56)
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Considering the range of these values fo r  each of the
8^2(open)Ret reactions, that studied by Hughes and coworkers,
(no. 4) is outstanding, in that the overall effect of changing from 
R = Me to R = BuS is so small. Diagrams of the transition states 
for the various Sg2(open)Ret reactions reveals the probable 
reason for this striking difference. For the reactions with the 
tin compounds and with the cobalt compounds, the leaving groups 
are considerably larger than in the alkylmercury(ll) halides, 
which could produce these observed differences in ranges of rates.
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SECTION 9
Calculation of S^ ,2 and S^2 Steric Effects
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In Section 5 was described the method used by Abraham and 
Hogarth to calculate steric effects in some one-alkyl uncatalysed 
mercury-for-mercury S.,2 substitutions. Hogarth carried out somehi
preliminary calculations on mercury-for-tin substitutions, but at
that stage was only able to report qualitative success in his
calculations of relative rates of reaction.
It is the purpose of the present section to develop further
the methods and calculations of Abraham and Hogarth. It has been
demonstrated in the previous section that the reactions between
symmetrical tetra-alkyltins (R Sn) and mercury(ll) acetate in
solvent methanol are S^2(open)Ret processes. It was also shown
that the reactions between symmetrical tetra-alkyltins and
mercury(ll) chloride in methanol proceed by the same mechanism.
It is also very likely that the reactions between unsymmetrical
tetra-alkytins (RSnR* ) and mercury(ll) chloride and acetate in3
methanol proceed through the Sg2(open)Ret mechanism.
Hogarth had made provision in the computer programs which he 
used for his mercury-for-mercury substitution calculations, for 
the calculations of steric effects in the initial and transition 
states of the reactions between alkyltrimethyltins and mercury(ll) 
chloride, with the shape of the Sw2(open)Ret transition state as 
shown below.
•^SnI'Ie_ leaving group 3
moving group
2 entering group
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Very similar reaction rate sequences have been observed for
the reactions between symmetrical tetra-alkyltins and mercury(ll)
chloride and acetate in methanol (see page 114) and for the reactions
128between alkyltri-isopropyltins and mercury(ll) acetate in methanol 
6 3Previous work has also shown that the nature of the alkyl groups 
in the leaving -SnR„ moiety have little effect on the rate 
sequence obtained, so that calculations carried out on the 
theoretical reactions between alkyltrimethyltins and mercury(II) 
chloride should yield results applicable to any of the three 
reactions mentioned above.
The object of the work was therefore to calculate the steric
effects arising in the reactions between RSnMe^ and HgCl^, and to
see if these could give rise, quantitatively, to the observed relative 
rate coefficients for the reactions between RSnPr1  ^and Hg(0Ac)2.
The method of calculation of steric effects in S^2 reactions
has been described in detail in Section 5, and will now be briefly
summarised. The general shape of the transition state has been 
given on the previous page. Interactions will arise between the 
moving group and both the entering group HgCl^, and the leaving 
metal, Sn. They will also arise between the leaving alkyl groups 
Me^ and both the moving group and the entering group, in contrast 
to Hogarth's mercury-for-mercury substitutions, where the leaving 
group contained no alkyl groups.
Bond length and bond angle data were fed into computer program 
C052 (see Section 19)? which was then able to calculate distances 
between interacting atoms or groups, in either the initial states 
(RSnMe^) or in the transition states (RSnMe^/HgCl2), and, using 
the potential functions for Me/Me, Me/Sn, Me/Hg and Me/Cl interactions,
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given on page 316, to calculate the associated steric energy effects.
For the initial states, all carbon-carbon bond lengths were 
taken as 1.54 to all carbon-tin bond lengths as 2.18 ft, and all 
bond angles as 109° 28’.
For the a-methylated series (RSnMe^;R = Et, Pr1, Bu°), steric 
energies were calculated as the terminal 1, 2 or 3 methyl groups 
rotated about the G^-Sn bond, see I below.
I PASnMe initial state , lengths in Angstroms 3 '
For the ^-methylated series (RSnMe^; R = Pr11, Bu1, Pe1100), the
position of the (3-carbon atom was fixed, and steric energies
calculated as the terminal 1, 2 or 3 methyl groups rotated about
the C -Ck bond, see II below, 
a  p
Me
II Pr SnMe^ initial state, lengths in Angstroms ,
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A plotter program C051 (see Section 19) was used to output the 
same information as program C052, hut in graphical form, showing 
a- or (3-rotational energy harriers (similar to the example on 
page 56).
It should be noted that whereas in the simpler mercury-for-
mercury substitutions investigated by Hogarth (leaving group -HgX)
there was no energy variation with angle of rotation in any of
the a-methylated initial states (page 59), this was not the case
for the mercury-for-tin substitutions;, here, rotation of the terminal
methyl groups gave rise to considerable initial state effects for
both ct- and (B-methylated series.
For the transition state models, see diagrams III and IV, next
page, the dimensions of the moving group were considered to be the
same as in the initial state. However, the G -Sn-Me angles were7 a 0
0 0reduced to 90 , the Sn-Me bond lengths reduced to 2.16 A, and the
sliape of the attacking reagent HgGl^ was changed from a linear to
a trigonal arrangement. The angles of rotation of the ~SnKe„3
group about the Ga~Sn partial bond, and of the -HgCl^ group about 
the C^-Hg partial bond were treated as variable parameters, as were 
the C^-Hg-Cl angles, the Hg~Ca-Sn angle, and the O^-Sn and C^-Hg 
partial bond lengths, although after preliminary calculations, these 
latter two were in fact fixed at 2.27 ^ and 2.15 A respectively.
For the a-methylated series of transition states, the steric 
interactions were calculated as the terminal 1, 2 or 3 methyl 
groups performed rotations about the median line (the bisector cf 
the Hg-C^-Sn angle), as shown in III on the next page.
127 Me
2.33\ 01
III Bu^SnMe^/HgCl^ transition state, lengths in Angstroms
For the ^-methylated series of transition states, the position 
of the {3-carbon atom was fixed, at zero angle of rotation, and the 
steric interactions calculated as the terminal 1, 2 or 3 methyl 
groups rotated about the G,,-C bond, see IV below.
Me
IV Bu1SnMe^/HgGl2 transition state, lengths in Angstroms
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Once again, the plotter program C051 output the steric 
interactions, in the form of a- and j3-rotational energy barriers.
From the shapes of the various a- and ^-rotational energy
profiles, it was possible to calculate K, the force constant, for
62beach rotational system. The method used by Hogarth was not used 
in the present work. Instead, a family of parabolic functions with 
a range of K-values was plotted, by hand, and then the shape of 
the rotational energy profile under consideration was compared with 
these standard parabolae. The K-value of the parabola which best 
fitted the profile was then taken to be the correct K-value of the 
profile. Hogarth had found in his work that the subsequent 
calculations were fairly insensitive to the value of K used, so 
this quick and easy method of evaluation was quite acceptable.
Having calculated K, there followed another deviation from 
the methods used by Hogarth. He had been able to feed his value: 
of K, together with other items of data, into a large computer 
program (0056) which then output values of the enthalpic (f) and 
entropic (F) factors, for the initial and transition states. 
Unfortunately, faults were found in this program which proved 
impossible to recify in the time available, and so it was not 
possible to use the program for these mercury-for-tin reactions.
To overcome this difficulty, another program was written, 
program C05D (see Section 19), which calculated for each energy 
profile, the energy levels, from the input values of K, using the 
equation at the top of page 59- By supplying information to it, on 
temperature, and minimum and maximum energies, the program was 
able to carry out calculations and output data from which it was 
possible, by lengthy calculations, to determine values of the
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entropic factors F, using the other equations on page 59- Values 
of the enthalpic factors f were simply calculated by hand, knowing 
the minimum of each initial and transition state. The values of 
f and F thus obtained were then used to calculate reaction rate 
coefficients, relative to the rate for IvIeSnMe_,, using the following 
equations:
Et
brel
kPr'rel
kBu1rel
lcPr
n
rel
kBurel
k'Perel
neo
f F f i '  a a
Et
F 1L a J
r f f f i "a a
Pr1
F 1 u a
f  f  F fia a
Bu1
F i u a
f a
Et
’ f F fi8 3
Pr11
F 1 L a J F 1 .L P J
f F fi a ■ a
Et
fp f a
Bu1
F X L a L f a
'  f  F f i '  a a
Et
" f F f i '8 8
Pene0
F 1 u a J H1 ^L -
where f^ and f^ are the enthalpic factors for a- and (3-rotation, 
i iand Fa , F^ , F^7" and F^7- are the initial and transition state
entropic factors calculated from the a- and (3-rotational profiles.
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Preliminary work on the reactions between alkylmercury(ll)
bromides and mercury(ll) bromide had revealed a quick method for
the approximate evaluation of the entropic factors, F. Program
C051 was used to plot a rotational energy profile, with an energy
-1scale of 2000 cal mol per inch, and the angle over which the 
initial or transition state was free to rotate at an energy of 
1000 cal mol”  ^ was measured (AfO. The entropic factor was then 
approximated as 0,9 x Zfe $
360
Semi-quantitative calculations were then carried out on the 
reactions between alkyltrimethyltins and mercury(ll) chloride, at 
30 °C, using transition state models with a range of bond lengths 
and angles.
i iFor the initial states, values of F and F_ were calculateda £
accurately, as described before. The enthalpic factors f and f_CC p
were also calculated accurately, but the entropic factors for the 
transition states, F ^  and F were calculated using the above 
approximation, so that a greater number of different models could 
be studied in the time available.
A total of 28 different transition states models were 
investigated. It was soon evident that calculated effects in the 
highly substituted groups tertiary butyl and neopentyl were much 
larger than observed effects, so it was decided to concentrate on 
the other five alkyl groups, namely methyl, ethyl, isopropyl, n-propyl 
and isobutyl.
The relative rates of reaction for each model, calculated by 
this approximation method, are tabulated on page 1 34 .
The first area of investigation was the relative orientations
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of the entering and leaving groups in the transition state; the 
four configurations considered are shown below, viewed along the 
median line.
Gl
IHg£"
Gl
C Me
'A\Sn Me
v i /
•le1 /  Hg£" Me——**3n.
Me
31
Ii i*4 = 90° , /. = 60 0 i i i  04 = go0 , i*3 = o°
'a>*. M
Gl Hg^L-Cl Me'-ii Sn' Cl--Hg^-Cl
\fie
''bSn Me
l ie
I I I :  0A = O° , /  = 0° IV: 4 = 0 ° ,  ^  = 60°
In diagrams X to IV, A  is the angle between the Hg-Cl bond and the
’horizontal', and is the angle between the Sn-Me bond and the
'horizontal1 (the Hg-C^-Sn plane).
For this first set of calculations, all other variables were
fixed, the Hg-C -Sn angle at 89°, the Cl-Hg-C angles at 110°, a ex O 0and the Hg-C and Ca-Sn partial bond lengths at 2.15 A and 2.27 A 
respectively, and the relative rates of reaction were calculated 
for the four configurations above. Note that a 'configuration' 
refers to shapes I to IV above, whereas a 'model' refers to one 
of the above shapes, in which values of the other variables are
also specified. Of the four sets of rates obtained (nos. 1 to 4
in the table), those from configuration I were nearest to the 
experimental results, as can be seen from the table on page 134«
The Hg-G^-Sn angle was then reduced to 80°, and the four
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configurations tested again. This reduction in angle had the 
effect of increasing all the relative reaction rates, in particular 
those for isopropyl and isobutyl, and once again the orientations 
of.the entering and leaving groups in the model giving the most 
reasonable set of values were as shown in I, on page 131#
The basic configurations I to IV were again investigated, 
using a Hg-C^-Sn angle of 80°, and Cl-Hg-C^ angles of 100° (nos.
9 to 12 in the table), and it was again shown that configuration I 
gave the best results.
Efforts were then concentrated on configuration I (and, to a 
lesser extent, Ii), and the effect of the size of the Cl-Hg-C . angle 
studied. On decreasing the angle, decreases in the calculated 
relative rates of reaction were noted, the most striking effect 
being shown by isopropyl, for which the relative rate was approximately 
halved, for each half-degree reduction in the Cl-Hg-C^ angles.
Finally, the effects of the partial bond lengths were 
investigated. On increasing the length of either bond, small 
increments in calculated relative rates of reaction were observed, 
of a fairly uniform nature for all four alkyl groups.
From the 28 different transition state models which w e r e  used 
in these preliminary calculations, two were chosen (nos. 9 and 18) 
on which to carry out accurate calculations.
On the following page are tabulated the values which the 
variable parameters (configuration, bond lengths and bond angles) 
were given in each of the 28 transition state models used.
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Bond lengths and angles not specified below have been given on page 126
No. Conf ig.
Transition  state models used in  the prelim inary ca lcu la tions
1
2
3
4
5
6
7
8 
9
10
11
12
13
14
15
16
17
18
19
20 
21 
22
23
24
25
26
27
28
I
II
III
IV
I
II
III
IV
I
II
III
IV
I
II
I
II 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I
H g - C f a S n 01 - H g ~ C a % - C a c a - s a
8 9 ° 110° 2 i  15
OA 02 . 2 7  A
CD V
D o 110° 2 i  15 0A 2 . 2 7  8
8 9 ° 110° 2 . 1 5 a 2 . 2 7  8 .
o
cnCO 110° 2 . 1 5 a 2 . 2 7  8
ooCO 110° 2 . 1 5 i 2 . 2 7  8
ooCO 110° 2 . 1 5 a 2 . 2 7  8
CO o o 110° 2 . 1 5 a ' 2 . 2 7  8
CO o o 110° 2 . 1 5 a 2 . 2 7  8
ooCO 100° 2.15 2 2.27 8ooCO 100° 2.15 a ' 2.27 8ooCO oooT— 2.15 a 2.27 8oo03 ooo 2.15 a 2.27 8o00
V
O 00 o 2.15 a 2.27 8
8 4 ° 9 8 ° 2.15 a 2.27 8
8 4 ° 9 9 ° 2.15 a 2.27 8oCO 9 9 ° 2.15 a 2.27 8
8 4 ° 99.5° 2.15 a 2.27 8o■=+CO 100° 2.15 a 2.27 8
00 -p*
o 100.5° 2.15 a 2.27 8o00 101° 2.15 a 2.27 8
8 4 ° 101° 2.16 a 2.27 8
00 o 101° 2.17 a 2.27 8
8 4 ° 101° 2.18 a 2.27 8
8 4 ° 101° 2.19 a 2.27 8
CO
o 101° 2.15 a 2.28 a
8 4 ° 101° 2.15 a 2.29 8
8 4 ° 101° 2.15 a 2.30 8
8 4 ° 101°. 2.15 a 2.31 8
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for the reactions between RSnKe_ and HgCl at 30 °C, using the3 2
approximation method (see page 130). Transition state models are 
specified on the previous page.
Calculated, reaction rates, re la t iv e  to the rate fo r  Me^Sn (=1o00)
R Model Model 2 Model 3 Model 4
Et 1.91 x 0-2 2.29 x 10"2 7.48 x 10~2 5.58 x 10“2
Pr1 3*28 x O"4 8i26 x 10“3 9.38 x 10”5 3.73 x 10“5
Pr11 1 *67 x O'2 1.79 x io“2 5.93 x -210 4.86 x 10“2
Bu1 4*79 x O-4 3.76 x 10~5 2.57 x 10“ 5 3.95 x 10“ 5
R Model Model Model Model 8
Et 2.49 x O’2 4.76 x 10~2 1.18 x 10“1 6.07 x 10“2
Pr1 1 *47 x o“3 5.91 x 10“5 3.46 x 10~2 8.59 x 10~5
Pr31 2.33 x 0“2 4.08 x 10“2 1.03 x 10”1 5.80 x 10“1
Bu1 3.20 x 0“3 1.16 x 10-5 1.39 x 10“2 1.30 x 10“2
R Model Model 10 Model 11 Model 12
Et 1.60 x O'5 1.56 x 10-5 7.06 x 10~2 4.20 x 10“2
Pr1 1 .00 x o-6 4.04 x 10-6 5.27 x 10“5 1.31 x 10“ 5
Pr11 1.26 x 0-3 1.10 x 10“5 4.93 x 10“2 3.13 x 10“2
Bu1 .5.15 x O'5 2.17 x 10-6 1.43 x 10“ 5 1.69 x 10“ 5
R Model Model 14 Model 15 Model 16
Et 6.07 x 0-4 2.05 x 10“4 9.19 x 10“4 4 o 44 x 10“4
Pr1 8.94 x o-9 2.80 x 10-8 4*79 x 10“8 1.56 x 1Q“7
Pr11 4.50 x 0-4 1.40.x 10~4 6.95 x 10“4 3.08 x 10~4
Bu1 4*48 x O'6 1.85 x 10-8 8.73 x 10“6 6.81 x 10“8
R Model .’.Model 18 Model 19 Model 20
Et 1*13 x O'3 1.37 x 10“ 5 1.66 x 10“ 5 2.01 x 10“5
Pr1 1.08 x O'7 2.32 x 10“7 4.75 x 10“7 ' 9.28 x 10“7
Pr11 8.60 x 0~4 1 b06 x 10“5 1 ;29 X 10“5 1.58 x 10“ 5
Bu1 1.20 x O-5 1.6'4 x IQ”5 2.24 x 10“5 3*01 x 10“5
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R Model 21 Model 22' Model 23 Model 24
Et ' 2:23 x 10~3 2:48 x 10~3 2.75 x 10“3 - 3.06 x 10~3
Pr1 1.42 x 10~6 2:14 x 10~6 3.19 x 10~6 4.68 x 10~6
Pr11 •1.77 x 10~5 1.97 x 10“3 2:19 x 10~3 2.45 x 10~3
Bu1 3*57 x 10~5 4.22 x 10~5 4.98 x 10~5 5.89 x 10“5
R Model 25 Model 26 Model 27 ■ Model 28
Et 2.30 x 10~3 2.64 x 10“3 3.01 x 10"3 3.43 x 10 2
Pr1 1:03 x 10~6 1.14 x 10”6 1.26 x 10~6 1 i 38 x 10”6
Pr11 1.80 x 10-3 2.06 x 10~3 2; 35 x 10~3 2.67 x 10“3
Bu1 ■ 3-79 x 1Q~5 4.74 x 10~5 5.89 x 10~5 7.29 x 10~5
Observed relative rates for RSnPr1 + Hg(0Ac)o at 30 ° (Ref. 128)3 2
R
Me 1;00
Et 2.3 x o 1 V>
3
Pr1 9.3 X 10~9
- 4.3 X 10“4
Bu1 2.3 X 10~4•0 neo Pe 2.4 X 10~6
Accurately calculated relative reaction rates, using Models 9 and 18
R Model 9 R Model 18
Me 1.0 Me 1.0
Et 2.07 X 10~3 Et 1.57 X 10”3
Pr1 1.28 X 10~6 Pr1 2.52 X 10”7
■n t -22 _ + -26Bu 3.22 X 10 Bu 1.53 X 10
Prn 1.51 X 10~3 Pr11 9.85 X 10~4
Bu1 6.03 X 10”5 Bu1 1.60 X 10~5
Peneo 8.37 X -6910 Pene° 4.65 X -8010
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In the following table are given the value3 of ~log10 (k^/k^) 
corresponding to the rates calculated from Models 9 and 18, and 
to the three sets of experimentally observed rates.
R a b c d e
Me 0.00 0.00 0.00 0.00 0.00
Et 2.68 2.80 2.36 2.64 2.54
Pr1 5.89 6.60 8.24 8.03 8.36
Pr11 2.82 3.01 3.05 3.36 CACM•fA
Bu1 4.22 4.79 3.73 3.63 4.09
Peneo 68.08 79.33 6.09 5.62 6.18
a Accurately calculated from Model 9
b Accurately calculated from Model 18
c Data for R^Sn + Hg(0Ac)2 in MeOH at 30 °C , this work (see page 107)
d Data for RSnPrY + Hg(0Ac)o in MeOH at 30 °C (Ref. 128)5 2
e Data for R^Sn + HgCl^ in MeOH at 40 °G (see page 113)
Although neither set a nor set b above is in quantitative 
agreement with any of the experimentally obtained values in sets 
c, d or e, qualitative agreement has been obtained (except for 
Pene0, which will be discussed later), and semi-quantitatively, the 
agreement is quite good. On plotting the values from either of 
sets a and b against the S^2 a-values (given on page 120), a graph 
is obtained which is very similar in shape to those shorn by 
S^2(open)Ret reactions, for example Graph 2 on page 108,
The reason for the large difference between calculated and 
experimental results for the neopentyl group is probably that the 
rigid transition state models have been too great a restriction; 
in reality, the neopentyl transition state would very likely 
exhibit quite a high degree of bond bending, which it was not
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The results from transition state 9 are probably better than 
those from Model 18 , so the detailed results from this transition 
state model will now be given.
The table which follows gives a breakdown of the minimum 
energy of each initial state and transition state, into its 
component interactions. The interactions listed are those between 
the rotating terminal methyl group(s) and the following atoms or 
groups: Sn, Me^, Me^* Me^ (the three methyl groups attached to Sn), 
Hg, Cl , Cl2 (the two chlorine atoms attached to Hg). Clearly, in 
the initial states, there are no interactions with Hg, Cl or Gl^ . 
In those cases where more than one terminal methyl group is 
present, the interactions for each group are listed separately, 
and then the total interaction given.
It is clear, from the values in the table, that in all the 
transition states except for isopropyl, interactions between the 
moving group and the leaving group are far more important than 
the interactions between the moving group and the entering group. 
Interactions are particularly large for neopentyl; the allowance 
of some bending of bonds in the transition state would lead to 
a reduction of these steric effectsc
possib le to take in to  account in  these ca lcu la tions.
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Breakdown of minimum energies, in cal mol , for the initial 
states RSnMe^, and for the transition states RSnMey'HgCl^, 
using transition state model number 9
Initial states
R Me: Sn Me., Me Me Hg cb 012 sub-tot total
Et ”179 -207
it-! -207 -640 -640
Pr1 -179 -207 -47 -207 -640
-179 -47 -207 -207 -640 -1280
Bu1 -179 -47 -207 -207 -640
-179 -207 -207 -47 -640
-179 -207 -47 -207 -640 -1920
prn -250 -215 -275 -52 -791 -791
Bu1 -24 -42 -13 -20 -98
-250 -207 -280 -48 -785 -883
Pene0 -250 691 -64 -121 257
-24 -1 -42 -4 -71
82 471 -131 -90 333 518
Transition states
R Mes Sn Me1 »—■< (D ro Me_q H g . C11 Cl2 sub-tot total
Et -186 1976 -134 -64 -165 -77 975 2325 2325
Pr1 -133 565 -147 -64 375 -141 2483 2938
Bu1
-133 -64 -147 565 375 2483 -141 2938 5877
-53 -158 -23 -158 9757 -184 -184 8996
335 -112 6211 2830 -133 -294 -25 8812
Prn
335 2830 6211 -112 -133 -25 -294 8812 26619
-20 -97 -36 -23 -239 -113 -249 -776 -776
Bu1 -50 -153 -13 -38 -224 -141 442 -176
-218 -148 861 -54 -8 -6 -33 393 217peneo -146 480 -32 -82 845 -184- 37349 38230
-95 -44 -222 -20 I VJl 0 1 V>i -52 -516
2501 47330 3296 -181 -214 -60 -33 52639 90352
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For the a-methylated transition states (Et, Pr1, Bu1), the 
energy barriers result from interactions between the terminal methyl 
groups and the leaving methyl groups and the entering mercury and 
chlorine atoms, the relative dominance of the effects depending 
upon the angle of rotation of the terminal methyl groups. By 
comparison with the interactions of the leaving methyl groups, 
the leaving tin atom gives rise to very small steric effects, 
although for the tertiary butyl transition state, there are slightly 
greater interactions.
The energies of interaction leading to the (3-rotational 
energy profiles arise mainly from effects between terminal methyl 
groups and entering chlorine atoms. Once again, the effects of 
the tin atom are of no great importance and, unlike the a-rotational 
energy profiles, there are only small interactions between rotating 
methyl groups and the entering mercury atom.
It was noted, on page 121, that the probable reason for.the 
large range of reaction rates shown by these tetra-alkyltins, in 
comparison with the range shown by alkylmereury(ll) halides, wasA
the larger size of the leaving group. This supposition has now 
been proved correct, since these calculations have demonstrated 
the importance of the steric interactions between terminal methyl 
groups and the leaving methyl groups.
On the following page are listed the values of the enthalpic 
and entropic factors which were calculated using transition state 
model number 9. Also given are the rates of reaction, calculated 
relative to the rate for Me^Sn taken as unity, and a diagram of the 
transition state. The dimensions of the moving group have been 
given on page 127.
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Enthalpic and entropic factors for the reactions between 
RSnMe^ and HgCl^, at 30 °G, using transition state model no, 9? 
together with calculated relative reaction rates, relative to the
rate for Me^Sn equal to unity,
R Et • ■ Pr1 Bu1 ■d nPr Bu1 « neo Pe
f
a
7.29x10“5 6.92x10“6 2.67x10“21 7.29x10~5 7.29x10“5 7.29x10"
Y
9.75x10~1 1.eixio"1 1.73x10"'
F 1 
a. 0.827 0.669 0.555 • 0.827 0.827 0.827
P 0.369 0.271 0.141
■p 4 
a 0.235 0.124 0.067 0.235 0.235 0.235
F-*8 0.276 0.049 0.033
3
65
lcrel 2,07x10-3 1.28x10 3.22x10'
•22 1.51x10“ ^ 6.03x10"5 8.37x10' • 6 9
Dimensions of transition state model no. 9
Me
2.27A
<2.l5 A
Cl
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Calculations were also carried out to determine the steric 
effects in S„2 reactions. Although such calculations had "been 
performed previously, by Hughes, Ingold and' coworkers (see Section 
4), the methods they used involved many variable parameters, and 
were, on the whole, rather cumbersome. The object of the present 
work was to use the same method as had been used for the S 2
III
calculations (described before, in Section 5? and at the beginning 
of this section), firstly to see if results could be obtained which 
were in agreement with experiment, and secondly, if such results 
were obtained, these would serve as a check on the method, and 
in particular,,a check on.the potential energy functions which 
have been used throughout.
The reactions chosen for this work were the S^2 bromine-for-
bromine exchange reactions of alkyl bromides, which had been
22 ostudied kinetically by de la Mare . , in solvent acetone', at 25 C.
The method used in these calculations was exactly the same as
has been described previously, and necessitated the calculation of
distances between interacting groups or atoms, with the appropriate
corrections applied, and the substitution of these distances into
the potential energy functions,. given on page 316, to calculate the
associated steric energies. These calculations were carried out
by hand, as no provision had been made in programs C052 or C051
to cater for S^2 reactions. Because of the symmetry and simplicity
of the bromide-for-bromide S 2^ transition state, calculations on
this system were very much easier than on any S 2 transition statela
(even the EHgX/HgX system), and no great difficulty was encountered.
For the initial states, all carbon-carbon bond lengths vie re 
taken as 1.54 8, the carbon-bromine bond length as 1.91 8, and all
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-j -UFor the a-methylated series (RBr; R=Et, Pr , Bu ), the
steric energies were calculated as 1, 2 or 3 terminal methyl
groups rotated about the Cfe-Br ^ond, see ^ below. . It is clear,
however, that the distance-between any terminal methyl group and
the bromine atom remains constant on rotation, so that the associated
steric energy also remains constant, i.e. there are no a-rotational
energy barriers for the initial states. Note also that all the
methyl-methyl interactions were automatically zero, since the theory
had been constructed so that this was the case. However, there
~1was a small, constant methyl-bromine interaction of 85 cal mol 
in the a-methylated initial states.
the bond angles as 109° 28'.
Me
V EtBr initial state, lengths in Angstroms
For the ^-methylated series (RBr; R = Pr11, Bu1, Pe1160), the 
position of the £~carbon was fixed, and the steric energy calculated 
as 1, 2 or 3 terminal methyl groups rotated about the Gp-Ga bond, 
see VI on next page. Here, the distances, and hence the interactions, 
between the terminal methyl groups and bromine did vary, so 
(3-rotational energy profiles were obtained for these initial 
states.
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iVI Bu Br initial state, lengths in Angstroms
Attention was then turned to the transition states. The
rigid transition state model, in which the a~carbon atom becomes 
2sp hybridised, with the incoming and outgoing groups exactly
perpendicular to the plane of the a- and (3-carbons had been shown
to be unrealistic (see Section 4) and so, in the present calculations,
the Br-C^-Br angle was taken as 180° - 2y, where y is the angle
through which each partial bond has been bent away from the
2undistorted sp configuration, as shorn below.
For the a-methylated series of transition states, energies of 
interaction were calculated as the terminal 1, 2 or 3 methyl 
groups rotated around the 'undistorted' axis, i.e. in-a plane 
perpendicular to the plane of Br-C^-Br, and the undistorted axis, 
see next page.
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undistorted axis, 
axis of rotation
cx-methylated transition state
For the |3-methylated series of transition states, the j3~carbon 
was fixed, in the minimum energy position (in the Br-C^-Br plane,, 
in the direction away from the bromine atoms) and the steric energies 
calculated as 1, 2 or 3 terminal methyl groups rotated about the 
ax:i*s> i»e,. i*1 a plane perpendicular to the Br-C^-Br and
plane.
B r ' ^
(3-methylated transition state
In all transition states, the C ~C -G„ and Co-0 -II anglesp u p .  p ct.
were 120°, but all angles between G -C and y groups were the usualCC p
tetrahedral angle. The C^-C^-Br angles were 90° + y , for 3-methylated 
cases. All carbon-carbon bond lengths were taken as the normal 
1.54 8, and the Br-C^ partial bond lengths fixed, after preliminary 
calculations, at 2.22 8. Each transition state will be described 
separately.
As the methyl transition state is symmetrical, y = 0, and
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so the rotational energy profile will he flat; this transition 
state could thus be taken as a reference point.
The tertiary butyl transition state is also totally 
symmetrical. Therefore y = 0, and there is no a-rotational 
energy variation.
The minimum energy position of the ethyl transition was as 
shown below.
view along the undistorted axis
The minimum energy position of the isopropyl transition 
state was found to be as shorn below.
For the n-propyl transition state, the minimum energy position
can best be visualised by viewing down the (stationary) C -Cp cc
bond. The position is similar to that shorn for the ethyl 
transition state, see above.
H
view along the undistorted axis
146
Me
Again, for the isobutyl transition state, taking the same 
viewing direction, the minimum energy configuration was found 
to be (again viewing down the Gp~Ga bond):
Finally, the minimum energy position of the neopentyl 
transition state is shown below.
Me
For all six transition states, in their minimum energy 
configurations, energies of interaction were calculated, as 
before, for various values of y. In addition to these interaction 
energies, account was also taken of the energy arising from the 
bending of the Ga~Br partial bonds. This energy was easily
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calculated, once a force constant for the bending had been 
estimated. The total of these two energies was calculated, for 
each transition state, for a range of values of y, anH the final 
value of y chosen such that this total energy was a minimum,.
Using these chosen values of y, which were not necessarily 
the same for each alkyl group, energies of interaction were 
calculated, in the usual way, for all the a- and (3-rotations of 
the transition states. Prom the various tc- and (3-rotational energy 
profiles, values of K and hence values of the entropic factors, P, 
could be calculated, exactly as described on page 128, Values of 
the enthalpic factors, f, were easily calculated, from a knowledge 
of the minimum energies of the initial and transition states, 
taking into account the extra energy due to bending in the transition 
states, and it was thus possible to calculate theoretical reaction 
rate coefficients, relative to the rate coefficient for reaction 
of MeBr (taken as unity).
The table which follows on the next page shows a breakdown
—1of the results finally obtained. Energies are given, in cal mol 
at 25 °C, for the various interactions in each initial and 
transition state in its minimum energy configuration. The 
calculated relative rates of reaction are also given, in the form 
of a-values (a = logCk^/k^.^) , see page 17).
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R: Et Pr1
Initial states
MeoTBr . 85 170
Me^-Br 
Total, E1 85 170
Trans, states
Me -Br a 1031 3128
Me^-Br
Me -Me a a -123
C^-Br bending 584 840
Bending angle (y) 5° 6°
Total, E? 1615 3845
E^ - E1 1530 3675
log f a -1.121 -2.694
b
* a *  h 0.2945 0.1675
T +  b
F c 0.2945 0.1675
log F -0.531 -0.776
a d calc -1.652. -3.470
Bu1 •n Ii Pr Bu1 Pe
255 85 85 85
-296 -362 -48
255 -211 -277 37
8088 1031 450 -312
-590 598 3128
-369
0 584 1494 7562
0° 5° 8° 18°
7719 1025 2542 10378
7464 1236 2819 10341
-5.471 -0.906 -2.066 -7.580
0.6513 0.3961 0.2450
1.0000 0.3332 0.2696 0.2924
0.2644 0.1053 0.6794
1.0000 0.1353 0.0717 0.8108
0.000 -0.869 -1.145 -0.091
-5.471 -1.775 -3.211 -7.671
a f = exp[-r(E^  - eY/RT] 
b as defined on page 129 (bottom of page)
d a = log f + log F
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These calculated values of cc were then compared with the 
experimental values, and with the values which Hughes, Ingold 
and coworkers had obtained by calculation.
Rs Me Et . Pr1 Bu1
cc(obs)a 0 -1.88 -3.84 ~5.50b
cc(calc, Hughes)1 0 -1.77 -3.46 -4.28
cc(calc, this work)e 0 -1.652 -3.470 -5.471
a Values observed by de la Mare (Ref. 22) 
b The value quoted by de la Mare was -4,40. However, it is now 
known that the reaction was not a pure S^2 reaction, but was 
mainly an elimination/addition reaction, see footnote on page 47. 
Parker obtained true values of a for reaction between RBr and 
Cl , for the whole range of R. Plotting Parker's values of a
J -against de la Mare's leads to a value of -5.50 for Bu4. 
c The value quoted by de la Mare was -6.70, and did not agree well 
with the values of Parker, Okamoto and Streitwieser (see page 17). 
A more realistic value, obtained by comparison with those of 
all three authors, is -7.70. 
d Values calculated by Hughes, Ingold and coworkers (Ref. 24) 
e Values calculated in this work
On the next page, the final tables show a separation of the 
sterio effects into enthalpic and entropic contributions, and a 
comparison of the results obtained here with the observed and 
calculated values of Hughes and coworkers.
■d n B i -o ne0Pr Bu Pe
-2.07 -3.36 -7.70°
-2.05 -3.46 -7.43
-1.775 -3.211 -7.671
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Calculated and observed enthalp ic fa cto rs
R: Me Et Pr1 Bu* Prn Bu1 n neo Pe
6 All4(calc)a 0 1.53 3.68 7.46 1.24 2.82 10*34
6 A H 4(calo)b 0 1.8 3.6 5.5 1.8 3.3 8.3
§Ai Ii4( obs)C 0 1.7 3.9 3.0
to ,  ^„d 8.3
1.7 3.1 9.4to
10.8®
Calculated and observed entropic factors
Rs Me Et Pr1 Bu* Prn Bu1 Peneo
6As"4(calc)f 0 -2.4 -3.6 0 -4.0 -5.2 -0,4
6 A  S^(calc)g 0 -2.1 -3.8 -1*1 -3.3 -4.7 -6.3
6 A s 4(obs)h 0 -2.7 -4.6 -15.0 
to . 
3.01
-4.1 -5.0 -4.0
to . 
1.0°
a This work, dA^H^ = (E^ - E1)/lOOO, units kcal mol-*' , see page 149 
b Hughes and coworkers (Ref* 24$
c Ref. 24
d This range is estimated from Parker's work (Ref. 27). Hughes 
and coworkers quote 6.0 (Ref. 24). See footnotes on page 149* 
e This range is estimated from Parker's work (Ref. 27). Hughes 
and coworkers quote 6*2 (Ref, 24). See footnotes on page 149. 
f This work, 6-As^ = R In F, units cal deg”"^ mo A  
g Hughes and coworkers (Ref* 24) 
h Ref. 24
i This range of values is estimated from Parker's work (Ref. 27).'
Hughes and coworkers quote 0.0 (Ref. 24). See footnotes on page 149..
j This range of values is estimated from Parker's work (Ref. 27).
Hughes and coworkers quote -9.6 (Ref. 24). See footnotes on page 149.
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The agreement between the values obtained in this work, and < ' 
the observed values is good. The significance of these results is 
not that the agreement with experiment is in general any better 
than that of Hughes and coworkers, but that these results have 
been obtained by a very straightforward, uncomplicated method.
The number of variable parameters used in this work is much 
smaller than the number used by Hughes and coworkers. In this 
work, the force constant for bending, and the carbon-bromine 
partial bond length have been adjustable, but have been kept 
constant along the.series (i,e. the same values have been used 
for R = Me, Et, Pr1, etc.). The bond bending angle, y, bas been 
treated as a variable for each alkyl system. In Hughes and 
coworkers1 calculations, many more variables were brought in.
For instance, there were two bending force constants, and 
a stretching force constant, which were kept constant along the 
series.• The bond bending angle, the extension co-ordinate, and 
the bending co-ordinate were allowed to vary for each alkyl group.
A very important point is that Hughes and coworkers had to 
resort to the inclusion of a polar factor in order to obtain good 
agreement with observation. The results obtained in this work have 
shorn that this arbitrary factor is quite unnecessary. •
The results here show quite clearly that the S^ .2 reaction 
rate sequence is due to overcrowding in the transition states.
For the tertiary butyl transition state, the interactions between
— 1the terminal methyl groups and the bromine atoms amounts to 8 kcal mol
— 1In the neopentyl case, in addition to about 3 kcal mol interaction
between the terminal methyl groups and the bromine atoms, there is
—1a large energy, amounting to about 7.5 kcal mol , brought about
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by the 18° bend. There is a very small entropic effect for the 
neopentyl case; thus the familiar small relative rate of reaction 
is duo, in the main, to enthalpic effects.
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SECTION 10
The Effects of Hydroxylic Solvents 
on Rates of Reactions
154
The effect which a change in solvent can have on the rate at 
which a particular reaction occurs depends on the charge type of 
the reaction. The S.^ 2 and S^2 reactions which have been studied 
in this work are all reactions between electrically neutral 
reactants which proceed to transition states which are more polar 
(i.e. have more charge separation) than were the initial states.
In order to compare the solvent effects which have been 
observed in this work with solvent effects observed elsewhere, it 
is therefore necessary to base the comparison on reactions of the 
same charge type. Reactions falling into this category are S„2
lh
halogenodemetallations of tetra-alkyltins and tetra-alkylleads,
129studied, in the main, by Tagliavini and coworkers and by Gielen 
10 101 126and Nasielslci 9 9 , S^2 Menschutkin reactions between tri-
alkylamines and alley1 halides, and the S^ 1 solvolyses of tertiary 
butyl halides. The transition states of these three reaction types 
are shown below* 6+
I A  6- I 6+ \ /
N-S----C— ~Y ...Os -
6+
N--C
* /  V h /
6-
SE2
6+ 6-
For reactions of this charge type, the Hughes-Ingold theory 
(see page 66) predicts that an increase in solvent polarity will 
result in an increase in the rate of reaction. For the purpose 
of this discussion, only polar solvents will be considered, and 
the range will be restricted to pure hydroxylic solvents.
Numerous attempts have been made to correlate rates of reaction 
with various parameters. In the 1950‘s, kinetic parameters (Y values)
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solvolysis of alkyl halides in a set of solvents to rate coefficients
for a standard reaction in the same set of solvents. Later,
physical parameters characteristic of the solvent were used in
correlations. Examples of these are dielectric constant, D, the
solubility parameter, 6, and, more recently, • spectroscopically
determined parameters such as Z and E,p. For a fuller discussion,
see Section 6, page 64« During the last few years, there has been
130a move, by some authors, back to the kinetic parameter methods, 
although now the reactions whose rates are being used as parameters 
are the Sfa Menschutkin reactions.
The polarity of a solvent is determined by its solvation 
behaviour, which in turn depends on the action of intermolecularft
forces. Thus the polarity of the solvent represents the sum of 
all the intermolecular interactions of which the solvent is capable, 
but excludes interactions which lead to definite chemical changes 
in the substrate.
The table on the next page lists various parameters of the 
hydroxylic solvents to be considered.
As mentioned in Section 6, correlations with these solvent 
parameters, and the kinetic correlations using Y and X values have 
been only partially successful. As a first step in the correlation 
of reaction rates for the S^2 reaction (l) with solvent effects,
R^Sn + HgX2 -----» R^SnX + RHgX (l)
the variation of reaction rate for reaction (l) will be compared 
with the variation in the other, similar charge-type, reactions, 
which were mentioned on page 154 .
9 ^
were used by Winstein and coworkers to corre la te  rates of
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Solvent Da D ~ 1 6ab Eac Zac lOOOp/M ad 
2D + 1
Parameters of hydroxylic solvents at 25 °c
MeOH 32.62 0.4774 14.3 55.5 83.6 24.55
EtOH 24.33 0.4698 12.7 51.9 79.6 17.05
Prn0H 20.45 0.4642 11.9 50.7 78.3 13.31
Pr10H 19.41 0.4623 11.5 48.6 76.3 12.99
Bun0H 17.45 0.4582 11.4 50.2 77.7 10.87
Bu*0H 12.50 0.4423 10.5 43.9 71.3 10.53
a taken 
c units
from the 
kcal mol’
table on 
-1
page 77 b units (cal 
-3d units dm
Kinetic studies on reaction (l), R s Me, Et, X = Cl, I, OAc,
in solvents MeOH, EtOH, Prn0H, Bun0H and Bu*OH were carried out
essentially as described in previous papers of Abraham and 
59 63 120coworkers 9 9 . Detailed descriptions are given in Section 16.
The value of the rate coefficient for reaction.of tetra- 
ethyltin with mercury(ii) chloride in methanol at 25 °C had been 
determined by several workers. It was determined again in this 
work, as a check on the experimental technique. The values of 
this rate coefficient from the various sources are as follows.
A A0.205 dm mol- min” (this work)
0.200 dm'’ mol~",' min~^ (Ref. 60b, 131a)
This latter value was used in the present calculations for the 
sake of consistency, because it has been used in the previous 
calculations of Abraham and coworkers.
Since the Sg2(open)Ret mechanism had been shorn to operate 
for reaction (l) in methanol, and a retention mechanism, possibly 
mth more cyclic transition states had been shown to operate in
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solvent tertiary butanol, it was almost certain that in the 
intermediate alcohols, the mechanisms of reaction would be very 
similar. It was therefore valid to compare rates of reaction for 
reaction (l) in this range of solvents. Values of the second 
order rate coefficients for reaction (l) are given below, in 
units of dm3 mol’"'* min-"* , at 25 °G
Solvent
MeOH 
EtOH 
PrnOH 
BunOH
bA oh
a Ref. 59 b Ref. 120 c Ref. 132 and personal communication
d Calculated from kQ'lefafa/faEtfan) = 900 Ref, 61 
e Estimated from rates for reaction of Hgfa in the other solvents
It is convenient to express rate coefficients and other 
connected data on the mole fraction scale. The conversion from 
the molar scale to the mole fraction scale is given on page 81.
kX = k° x 1000|o/M
X cwhere k and k are the second order rate coefficients, expressed, 
respectively, on the mole fraction and the molar scales; p and M
are, respectively, the density and molecular weight of the pure
solvent. The relationship holds for dilute solutions.
The difference, in solvents 1 and 2* in the free energy of 
activation of the reaction can be expressed (see page 88) as
X  Xfollows, where k and k^ are the mole fraction reaction rate
coefficients in solvents 1 and 2.
.HgOlg^^ Hg(0Ao)2
I Me. Sn EtSn] |Iie,3n Et Sn] EtSn4 4 4 4 4
93.Ia 0.200b 28.2° 0.152b 51.0b .
50.849 0.0745 9.257 0.0581 14.290
42.520 0.0594 5.647 O.O369 13.657
31.716 0.0471 4.493 0.0272 12,095
6.21d 0.0069b 0.31e 0.001911 0.46b
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k X k x
= A g^  - = -RT In 2 = RT In 1
, x . x
k1 2
k x
so ■that at 25 °C* 6A gx^ « 1*36425 log J _
with sA gX^ in kcal mol’"'* *c2
C XNote that for first order rate coefficients, k = k , since
the units of lc contain no concentration term.
The rate coefficients in the range of solvents selected, for 
the S^2 reactions examined in this work, together with the rate 
coefficients for S^2 iododemetallation reactions, Sp1 solvolysis 
reactions, and S^2 Menschutkin reactions were all converted into 
values of 6 A  for transfer from methanol to another solvent.
Results are given in the table on the next page, with A  Gx^ 
in units of kcal mol , on the mole fraction scale. Reactions 
1 to 7 are 8^ 2, reactions 8 to 10 are S^1, and reactions 11 to 17 
are S 2^.
For each of the three sets of reactions (S.,-,2, S„T1 and S-.2),ii Xv JN
values of 6 A\ GX$ for all the members were plotted against the
values of 6A gx^ for one member of the set.
Approximate straight lines were obtained for all the Sg2
reactions, showing that these reactions are linearly related by
their rate coefficients. For the S^-1 solvolyses, there was good
linear correlation between values of 6A gX^ for the decompositions
of the two tertiary butyl halides, but reaction 10 gave a curve.
The values of 6A gx^ for the Menschutkin reactions were all plotted
against values for reaction 14. Although an approximate straight
.line was obtained from reaction. 13* none of the others correlated 
•x-
well. This last plot is given, in two parts (for clarity) on page 160.
* Note that if only primary alcohols are considered, better 
correlations are obtained (see page 185).
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Reaction q A  c/-T MeOH EtOH
1 Me Sn + HgCl2 0.00 0.57
2 Bt Sn + HgCl2 0.00 0.80
3 Me4Sn + Hgl2 0.00 0.88
4 Et Sn + Hgl2 0.00 0.79
5 Et^Sn + Hg(0Ac)2 0.00 0.97
6 Me Pb + I2 0.00 0.99
7 Et Fb + I2 0.00 0.87
8 solvol. Bu^Cl 0.00 1.32
9 solvol, Bu Br 0.00 1.21
10 solvol. MeOCH Cl 0.00 1.37
11 PhCH2NEt2 + Mel 0.00 0.20
12 Prn„N + Mel 3 0.00 0.47
13 Me^N + pN02C6H4CH2Cl 0.00 0.60
14 C H I  + EtI 5 5 0.00 0.56
15 Etjer + Eti 3 0.00 0.32
16 PhCH MMe2 + Mel 0.00 0.44
17 c5h5n + ch5(oh2)10CH2Br 0.00 0.54
PrnOH Pr^OH Bun0H Bu Y h t/°C Ref.
0.83 1.12 2.11 '25 page 157
1.10 1.34' 2.50 25 page 157
1.31 1.57 3 M 25 page 157
1,20 1,51 3.10 25 page 157
1.14 1.33 3.29 25 page 157
1.46 25 58d
1.37 25 58d
1.68 2.24 1.94 2.96 25 111
\ 2.10 2.78 25 111
1.98 1.96 25 133
0.65 0.90 30 134
0.76 1.17 20 135
0.91 . 25 136
0.84 0.88 0,96 1,09 25 137
0.65 0.36 0.90. 0.41 25 page 273
0.80 . 30 138
0.91 1.08 1.12 1.60 75 139
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o Reaction 17 
Q Reaction 16
Reaction 15
Graphs of s/^XG^ for various Menschutkin reactions 
against GX^ for reaction 14
1.5t
1.0-
0.5
A Reaction 13 
Q Reaction 12
o Reaction 11
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The values of 6/ A c A  were then plotted against the solvent 
parameters (D l)/(2D + 1), 6 and E^ , taken from the table on 
page 156, The following table shows the results of these plots.
In the table, LL signifies good linearity, L approximate linearity, 
G a curve, and S a scatter of points. For the linear correlations, 
approximate values of the slopes of the lines are given. •
Reaction (D - 1)/(2D + 1) 6 et
1 LL 56.85 C L 0.19
2 L 68.11 C L 0.23
3 L 93.31 LL 0.54 L 0.28
4 L 83.33 C L 0.27
5 S S L 0.28
6 LL 98.93 LL 0.60 C
7 L 113.57 LL 0.56 G
8 C L 0.75 C
9 0 LL 0.74 G
10 G C C
11 L 50.55 C C
. 12 LL 60.16 C C
13 LL 68.95 LL 0.38 c
14 C L 0.28 s
15 S S s
16 LL 52.63 LL 0.29 LL 0.11
17 C C S
* excluding the point for Bu40H
Values of for the 17 reactions on page 159 were also
111plotted against values of the free energy of transfer of tetra- 
alkylamraonium halide ion pairs ■ G^^R^NX). The first table on 
the next page lists values of these quantities for R = Me, Et,
X = Cl, Br, I, in the hydroxylic solvents under consideration, on 
the mole fraction scale, in units of kcal mol”"* at 25 °G.
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Solvent: MeOH EtOH Prn0H pA oh Bun0H Bu*0H
AGtX(Me4NCl). 0.0 1.5 1.9 2.3 2.2 3.9
A G tX(Me4NBr) 0.0 1.3 1.6 2.1 2.0 3.7
AGtx(Me4Nl) 0.0 0.8 1.1 1.6 1.5 3.1
M tX(Et4NCl) 0.0 1.6 1.9 2.6 2.1 3.9
AGtX(Et4NBr) 0.0 1.4 1.6 2.3 1 .8 3.6
AGtX(Et4Nl) 0.0 1.1 1.4 2.0 1.6 3.3
Again, the results of these plots are given in tabular form 
below. The table shows the most linear plot obtained, if any, for 
each reaction, and whether this correlation was good (g), moderately 
good (m ), or bad (b ).
Reaction Me.NCI Me.NBr Me.NI Et,NCI Et.NBr Et.NI 4 4 4 . 4  4 4
1 G
2 G
3 G
4 G •js•
5 G
6 G
7 G *8 G
9 M*10 M
11 M
12 M
13 G
14 B
15 no correlation possible
16 G
17 B
"fc* excluding the point for Bu OH 
excluding the point for EtOH
It can be seen from the information given in the table on 
page 161 that in the majority of cases, no correlations in terms 
of 6 A gj^  exist between the rates of these 17 reactions and . the 
three solvent parameters selected, in the hydroxylic solvents 
considered. The five mercury-for-mercury S^-,2 substitutions
ill
correlated reasonably well with Efp, and to a certain extent with 
the Kirkwood function, but for the other sets of reactions it is 
not really possible to draw any conclusions.
The attempted correlations with tetra-alkylammonium halide 
ion pairs in these hydroxylic solvents were unsuccessful for the 
majority of the Menschutkin reactions, the only straight lines 
arising from those reactions which had been studied in only a very 
few solvents. However, the values of for most of the S._2ii
and S^1 reactions did correlate quite well with values of 
for one of the ion pairs.
In general, however, methods of correlation of solvent effects 
on rate of reaction with parameters such as these do not appear to 
be very satisfactory. It should be noted, also, that since the 
rates of the Menschutkin reactions are not linearly related for the 
alcohol solvents in general (see page 158), 'it is not advisable in 
such cases to use the Menschutkin reaction as a kinetic solvent 
parameter. It will be shown later (see page 185) that better 
correlations exist for the primary alcohols only.
On the basis of the Hughes-Ingold theory, it is possible to 
make some purely qualitative predictions about the polarity of 
the transition states for the three sets of reactions, from a 
simple consideration of the values of 6 A  Gx4 given in the table 
on page 159. As the 3^1 reactions show the greatest increase in
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6 A gX'^' with decrease in solvent polarity, this could indicate 
that the S^1 transition states are the most polar of the three 
sets. The S^2 reactions show much smaller variations in 6A  
implying that their transition states are much less polar, and 
the Sg2 transition states would appear to have a polarity 
somewhere in between those of the SAT1 and S,.2 transition states, 
at least for reaction in alcoholic solvents. Note that the term 
’polarity1 is used here to mean the charge separation in the 
transition state, rather than its dipole moment. It is clear that 
a given charge separation acting over a large distance will 
result in a larger dipole moment than if it acts over a smaller 
distance.
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SECTION 11
Dissection of Solvent Effects on S„2 Reactions intolij
Initial State and Transition State Effects
166
Xt is evident, from the preceeding section, that there are 
but few systematic correlations between values of 6A gZ^ for 
one reaction and values for other reactions, and between values 
of 6 A  0 and solvent parameters, even when the set of reactions 
chosen consists of reactions of the same charge type only.
The difficulties may arise because the effect of solvent on 
the rate of reaction (i.e. on /A Gx=fe is the resultant effect of 
two separate quantities, the effect on the reactants (the initial 
state) and the effect on the transition state. More knowledge 
might therefore be gained about the real effect of changing the 
solvent by splitting up the total solvent effect on reaction rate 
into its initial state and transition state components.
The object of the present work was to dissect solvent effects • 
on-reaction (l), R = Me, Et, X = Cl, I, OAc, in the pure hydroxylic
R.Sn + HgX ------- RSnX + RHgX (l)4 2  3
solvents MeOH, EtOII, Prn0H, Bun0H and Bu^OH, in the hope that more
information about the nature of the transition states could be
gained.
Details of some of the methods of dissection available have 
been given in Section 7, page 78. If A ^ ( y ) is the free energy 
of transfer, on the mole fraction scale, of the species Y from 
one solvent to another, then, as derived on page 80,
A G ^ X(Tr) = /\ Gfefe Reactants) + 6/A GX^
where 6/A GX'^ is, as in the previous section, the difference in 
the free energy of activation of the reaction in the two solvents,
6/A G3^  = A  G2X^ - A g^
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rate coefficients in the various solvents. If k, and k~ are the1 2
rate coefficients in solvents 1 and 2,
6 A g^  = -RT In A
k1
If 6 A  Gx^ is expressed in units of kcal mol"*A then at 25 °C,
5 A gx^ = 1.56425 log1Q A
k2
Values of Z\ G^3*/React ants) were found in two ways. For the 
mercury(ll) salts, solubility measurements were used, and for the 
tetra-alkyltins, gas liquid chromatographic methods gave the 
required values.
As shorn in Section 7 (page 85, equation (5)), for transfer
of a solute from solvent 1 to solvent 2,
A g  x = RT In YH1 1 t —-- - --
YH2
Xwhere yp and x are respectively the Henry's law secondary 
medium activity coefficient and the mole fraction solubility of 
the solute, the subscripts referring to solvents 1 and 2.
This equation is only valid if the composition of the solid
phase in equilibrium with the saturated solution is the same in 
both solvents. It is therefore not applicable if the solute 
forms solid solvates in one of the solvents. For non-electrolytes 
which deviate only slightly from ideal behaviour, the ratio of the 
activity coefficients in the two solvents can be taken as unity, 
so that this equation reduces to
A  G,X as RT In x, / X- t 1 ' 2
Values of s A g^  can be derived from the values of the reaction
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This has been assumed to be the case for the mercury(ll) salts 
discussed here, since their solubilities in the various solvents 
are not' usually very high.
It is known^40 that in methanol at 25 °C, the solid phase
in equilibrium with a saturated solution of raercury(ll) chloride
is the disolvate HgCfa. 2MeOIl, so that the observed value of the
solubility of mercury(ll) chloride in methanol at 25 °G could
115not be used. A theoretical value was derived , which represented 
the solubility if the solid phase in equilibrium with the saturated 
solution were unsolvated HgCfa, and this value was used in the 
calculations.
The absence of any similar solvat.es in solutions of mercury(ll) 
acetate in methanol was demonstrated by a determination of the 
solubilities of this salt in methanol over a fairly wide temperature 
range. The solubility did not alter much with temperature (see 
page 277), and the solubility/temperat lire graph certainly showed 
none of the sudden breaks which are characteristic of solvate 
formation.
For mercury(ll) iodide in methanol, and for mercury(ll) 
chloride and iodide in ethanol, Madaule-Aubry*40 showed the absence 
of solvate formation.
It was thus legitimate to use the equation at the bottom of 
the previous page to determine the free energies of transfer of 
mercury(ll) salts.
The methods used to determine the required solubilities are 
described in Section 17. For those cases where comparison with 
literature values of the solubility was possible, there was good 
agreement, as shown on the next page. Solubilities are given in
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HgCl2 in EtOI-I 31.72 (this work) 32.5 (Ref.' 141,142), 35.1 (Ref. 145^
Hglg in EtOH 2.16 (this wprk) 2.20 (Ref, 143), 2.18 (Ref, 144)
HgOl2 in PrnOH 17.55 (this work) 20.42 (Ref. 141), 19.5 (Ref. 142)
HgCl^ in Bun0H 13.64 (this work) 15.5 (Ref.' 142)
Values of A o / ^ S n )  were obtained from gas liquid
chromatographic measurements, as described on page 286. It was
only necessary to measure the free energies of transfer of tetra-
methyltin and tetraethyltin between h-propanol aiid n-butanol,
since the values for transfer from methanol to all the solvents
111except n-butanol were known
The results obtained are given in the following tables. All
un its of g HgX^  per 100 g saturated so lu tion .
free energies of transfer -1are expressed in kcal mol , on the mole
fraction scale at 25 °0, and, as usual, the reference solvent is
methanol. Values of 6A GX4 are taken from page 159.
Solvent A c tz HgCl2a Hgl2a Hg(0Ac)2a Me. Sn 4 Et. Sn 4
MeOH 0.00 0.00 0.00 o.oob o.oob
EtOH 0.50 0.15 0.59 -0.43k -0.55k
Prn0H 0.78 0.23 0.74 -0.78b -0.87k
Bun0H 0.83 0.20 O.63 -0.96° -1.07°
Bu*0H 1.46 1.21 1.27 -1.5513 -1.56b
a Calculated from mole fraction solubilities given on page 277 
b Values from Ref. 111 
c This work, see page 286
The values in this table were then combined with the values of 
6 A c A  from the previous section, to yield‘the following results.
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Reaction between Me.Sn and HgCl2 at 25 °C
Solvent 6 A gX* A  GtX(Me4Sn) A G tX(HgCl2) A G tX(Tr)
MeOH 0.00 0.00 0.00 0.00
EtOI-I 0.57 -0.43 0.50 0.64
Prn0H 0.83 -0.78 0.78 0.83
Bun0H 1.12 -0.96 0.83 0.99
Bu^OH 2.11 -1.33 1.46 2.24
Reaction between Et .Sn and HgCl^ at 25 °C
Solvent s A gx* A G tX(Et4Sn) A G tX(HgCl2) A G tX(Tr)
MeOH 0.00 0.00 0.00 0.00
EtOI-I 0.80 -0.53 0.50 ‘ 0.77
PrnOH 1.10 . -0.87 0.78 1.01
BunOH 1.34 .-1.07 0.83 1.10
Bu^OH 2.50 -1.56 1.46 2.40
Reaction between Me, 4Sn and Hgl^ at 25 °C
Solvent 6 A g3^ A G tx(Me4Sn) A G tX(HgI2) A G tx(Tr)
MeOH 0.00 0.00 o.oo' 0,00
EtOH 0.88 -0.43 ' 0.15 0.60 '
PrnOH 1.31 -0.78 0.23 0,76
BunOH 1.57 -0.96 0.20 0.81
Bu^OH 3.17 -1.33 1.21 3.05
Reaction between Et.4Sn and Hgl^ at 25 °C
Solvent 6 A G xt A G tx(Et4Sn) A G tX(HgI2) AGfefeTr)\j ‘
MeOH 0.00 0.00 0.00 0.00
EtOH 0.79 -0.53 0.15 0.41
PrnOH 1.20 -0.87 0.23 0.56
BunOH 1.51 -1.07 0.20 0.64
Bu1 OH 3*10 -1.56 1.21 2.75
171
Reaction between Et.Sn 4 and Hg(0Ac)2 at 25 °0
Solvent 6A g x* A g X( Et.Sn) t 4 A G tX(Hg[0Ac]2) A G tX(Tr)
MeOH 0.00 0.00 0.00 0.00
EtOH 0.97 -0.53 0.59 1.03
Prn0H 1.14 -0.87 0.74 1.01
Bun0H 1.33 -1.07 0.63 0.89
Bu^OH 3.29 -1.56 1.27 3.00
Although both A GtX(HgX2) and , A g X(R Sn) vary considerably1/ Up
with the solvent, for the five reactions, they do so in different
directions, so that the net solvent effect on the reactants is 
very small. The solvent effects on the rates of these reactions 
are therefore mostly due to the effects of the solvent on the 
transition states.
On plotting values of Z\GJ_X(Tr) against the Kirkwood0
•function (D - l)/(2D + l), no linearity was obtained for any of 
the five S 2^ reactions, although in general, the points for the 
three alcohols ethanol, n-propanol and n-butanol did show some 
linearity. This result contrasts with that found by Abraham and 
Dorrell^3, who found that a plot of A G ^ X(Tr) for the reaction 
between mercury(ll) chloride and tetraethyltin in tertiary butanol- 
methanol mixtures against the Kirkwood function gave a straight 
line, except for the highly butanolic region. The linearity 
obtained by them therefore seems to be fortuitous, as it is not 
observed for the pure hydroxylic solvents studied in the present 
work.
A similar situation has been encountered with Menschutkin
reactions, for which linear correlations between A*G,x(Tr) andt
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the Kirkwood function are often found for binary mixtures of 
solvents, but not for pure solvents.
Similarly, the plots of A s ^ T r )  against the solubility 
parameter 6, although giving some degree of linearity for the three 
intermediate solvents, gave, over the complete range of alcohols, 
no linear correlations.
The results of the plots of A , G^X(Tr) against Efp were not as 
clear cut as for the previous two plots. For the reactions 
between mercury(ll) chloride and both tetra-alkyltins, very good 
liearity was found, for all five solvents. For the two sets of 
reactions with mercury(ll) iodide, linearity could only be 
achieved by omitting solvent tertiary butanol, and for the reaction 
between mercury(ll) acetate and tetraethyltin, the linearity was 
only approximate, but over the complete solvent range.
Values of A o / d r )  were also plotted against values’ of .
A  G^X for the tetra-alkylammonium halides given in the previous 
section (page 1 62 )« The results of the plots are shorn below.
G signifies a good correlation, and M a moderately good one.
Reaction Me.NCl Me.NBr Me.NT Et.NCI Et.NBr Et.NI4 4 4 4 4 4
1 M
2 ' M
•x*3 G
•x-4 G
5 no correlation possible
i;* excluding the point for Bu OH 
1 Me Sn + HgCl2 2 Et Sn + HgCl2 3 Me^Sn + Hgl2
4 Et^Sn + IIgI2 5 Et^Sn + Hg(0Ac)2
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As can be seen from this table, moderately good correlations 
were obtained for both reactions with mercury(ll) chloride, for 
all solvents. For the reactions with mercury(ll) iodide, linearity 
was only achieved by excluding the points for tertiary butanol, but 
for the reaction between tetraethyltin and mercury(ll) acetate, no 
sensible correlation was found between values of A G tx(Tr) and 
values of A  G^x for any of the tetra-alkylammonium halide ion 
pairs.
. Summing up, it would seem, from the results of these various 
plots which have been discussed above, that even when initial 
state solvent effects are analysed separately from transition state 
effects, good correlations are not necessarily obtained, and any 
linearity which is observed in the various plots is probably 
fortuitous. The reason for this could be that the range of 
solvents has been restricted to a small number of alcohols; a 
wider'selection of solvents might result in more systematic and 
informative results.
As a final method of analysis, the values of A  G^x(Tr) for
these five S 2^ reactions were compared with values for S^2, S 1^ and
Sg2 reactions which were available. The comparison is shown on the
next page, in the form of a table, giving values of A g , X(Tr) for*c
the various reactions, in units of kcal mol , on the mole fraction 
scale. The variation of A G ^ x(Tr) with solvent polarity is smaller 
for the S^2 reactions than for the 3^ 1 or Sg2 reactions. This is 
especially noticeable for reaction number 2, where data for all 
five alcohols are available. The two S„2.iododemetallations alsoil
show small variations of A G tX(Tr ), although the range of solvents 
is possibly too restricted to permit any valid comparisons. The
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values of A a tx(Tr) for the two S 1^ solvolysis reactions show 
a much more marked variation with solvent polarity, and the five 
meroury-for~tin S 2^ substitutions also show large transition 
state solvent effects.
The implications of these observations are that the S^2 
transition state, being only slightly affected by the polarity 
of the medium, is probably not very polar in its nature, whilst 
the transition states for the S 1^ and the Sp2 reactions (with 
the exception of the iododemetallations,with insufficient data)
are considerably more polar, 1 a e a have greater charge separations.
Reaction MeOH Eton Prn0H Bun0H Bu^OH t/°G Ref.
pNOfagfaCHfal + Me^N 0.00 0.53 0.67 25 116
Et N 4 EtX3 0.00 0.19 0.17 0.26 0.36 25 page 194
solvol. Bu^Cl 0.00 1.06 1.34 1.48 2.50 25 111
*fcsolvol. Bu Br 0,00 0.82 2.18 25 111
Me4Pb + I2 0.00 0.20 0.30 25 111
Et4Pb + fa 0.00 --0.20 -0.10 25 111
Me Sn + HgGl2 0.00 0.64 0.83 0.99 2.24 25 page 1 70
Etfan + HgCfa - 0.00 0.77 1.01 1.10 2.40 25 page 1 70
Me4Sn + Hgl2 0.00 0.60 0.7 6 0.81 3.05 25 page 1 70
Et4Sn + Hgl2 0.00 0.41 0.56 0.64 2.75 25' page 1 70
EfaSn + Hg(0Ac)2 0.00 1.03 1.01 0.89 3.00 25 page 1 71
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SECTION 12
Solvent Effects on S^2 Reactions
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Drougard and Decroocq have recently suggested a kinetic 
method of evaluating solvent effects on reactions, based on the 
S^2 Menschutkin reactions, and taking as their standard reaction
that between tri-n-propylamine and methyl iodide, which was studied
o 135in 78 pure solvents at 20 C by Lassau and Jungers . The
method of evaluation of these kinetic parameters was straightforward.
The logarithm of the second order rate coefficient for Jungers'
reaction in each solvent was calculated, and designated S.
S ss log k
where k is the rate coefficient for the reaction Prn N^ + Mel,
It was suggested then that the rates of other Menschutkin reactions 
would be related to S by the equation
log k1 ss RS + constant
where k* is the rate coefficient for the Menschutkin reaction under 
consideration, so that a plot of log k’ against S would yield a 
straight line of slope R (the susceptibility of the reaction to 
solvent effects).
It was shorn in Section 10 that the rates of Menschutkin 
reactions were not linearly related for the alcohol solvents in 
general, so that, for such solvents, the Drougard-Decroocq equation 
does not apply. It will be shorn later, however, (see page 185) 
that better correlations exist when the primary alcohols only are ' 
taken into consideration.
In order to test the validity of the Drougard-Decroocq 
equation in a wide range of solvents, including hydroxylics and 
polar and non-polar aprotics, the literature was searched for 
kinetic studies on Menschutkin reactions in several solvents.
1 30
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One Menschutkin reaction which had been studied in some 
detail before was the reaction between triethylamine and ethyl iodide. 
Although rate data were available for a wide range of polar aprotic 
and non-polar solvents, the need for data on the rates of reaction 
.in hydroxylic solvents was evident. It was to fill this gap in the 
literature that the present kinetic study was undertaken.
Reaction (l) below is an S^ r2 reaction, and follows the usual
Et^N + EtI ---- > st4NI
second order rate equation; the progress of the reaction can be 
conveniently followed by titrating aliquots of the reaction mixture 
with acid, to determine the concentration of amine, and this was the 
method used in the present work (see page 266).
When triethylamine is dissolved in hydroxylic solvents, some 
ionisation takes place. However, it can be shorn, in the case of
Et N + ROH y— -— -A RCf + Et_NH+5 5
methanol, which would be expected to be the alcohol most reactive 
in this way, that the subsequent reaction of the methoxide ion mth 
ethyl iodide can be neglected, as the ratio of the velocities of 
reaction of triethylamine and of methoxide ion with ethyl iodide is 
of the order of 130:1 under the present kinetic conditions. In 
xmter, a similar calculation gives a velocity ratio under the 
present kinetic conditions of about 70:1? for Et^N to hydroxide ion.
The other product from the reaction between the solvent and
+ 145triethylamine is the species bt^NH . Eagle and Warner have
shorn that this species is not active in hydroxylic solvents.
The rates of reaction (l) were determined in the hydroxylic
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solvents water, methanol, ethanol, n-propanol, isopropanol, n- 
butanol and tertiary butanol, in the two esters ethyl acetate 
and ethyl benzoate, and in acetonitrile. Precipitation of the 
reaction product during the course of the reaction occurred in 
some of the solvents, but this apparently had no effect on the 
rate of reaction, and good second order kinetic plots were 
generally obtained. The value of the rate coefficient in each 
solvent is accurate to at least 4$, and to 1-2$ in most cases, 
except for reaction in water, where the very low solubilities 
of the reactants necessitated long reaction times, with subsequent 
loss in accuracy (9$). For full details, see page 266.
That the experimental technique was sufficiently accurate 
can be seen by comparison of some of the rate coefficients obtained 
here with literature values. All rate coefficients are expressed
in units of dm''3 mol”^ min"^ at 25 °G
Solvent This work Literature value Ref.
MeOH 2.33 x 10~4 2.36 x 10"4 , 2.33 x 10“4 146, 147
EtOH 1.97 x 10~4 1.68 x 10~4 145
MeCN 1.36 x 10~2 1.28 x 10"2 -TO CO
The table which follows on the next page gives values, on 
the molar scale, of the rate coefficients for this and several 
other Menschutkin reactions, in a wide range of solvents.
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Solvent A B G D E
H O 2.08x10”3ad
MeOH 2.33x10”4a 1.3x10”2 5.65x1O”5
EtOI-I 1.97x10”4a 9.5x10”3 3.71x10~5
PrnOH 1.43x10"4a 7.4x10”3 2.78x1O”3
Pr^OH 1.92x10”4a 2.25x1O"5
BunOH 1.I6x10”4a 4.6x10”3 2.53x1O”5
Bu^OH 2.70x10~4a 1.31x10”3
Am1 OH
MeCO Et 4.67x10~4a 2.2x10”2d
PhCO Et 1.43x10”3a 8.3x10~2
MeOOMe 3.88x10”313 1.5x10”1 4.3x10“2 1.2x10”1 2,4x10”3
MeCOEt . 2.35x10”30 9.8x10”2 2.8x10~2 8.4x10”2 1.78x1O”5
PhCOMe 4.2x10“1 1.0x10~1 2.2x10”1
EtOEt 1.2x10~3
PhOMe
THF 7.25x10“4d 2.9x10”2 3.08x10“6
Dioxan 7.19x10~4e 3.7x10”2 4.93x1O”6
n-C6H14 1.06x10~6f 1.0x10~3
C6H6 3.5x10”4g 1.8x1O”2 6.0x1O”3 1.6x10”2 1.45x10“6
PhCH 2.02x10“4h 9.5x10”3 3.6x10”3 1,1x10”2.
PhCl 1.13x1O”31 7.0x1O”2
PhBr 1.50x10”38 8„9x10“2
Phi 2.96x1O”39 1.3x10”1
CH_G1 2 2 4.92x10”3k 2;8x10”1
GHC1 1.78x10~3° 1.3x1 O’*1 1.68x10~5
GC14
5.6x10”3°
1.4x1O”3 7.0x1O”4 2.3x10"3
ch2gich2ci 3.8x10”1 8.2x10”2 1.9x10“1
CHClgCSCl
1.36x10”2a
8.7x10”1
MeCN 4.7x10”1 1.6x10“1 3.3x10“1 8.69x1 O'™3
EtCN 6 . 9 9 x 1 0 ” 3 g 2.8x10”1 9.2x10“2 2.1x10”1
PhCN 1.01x10~29 3.9x10”1 1.2x10~1 2.3x10”1 6.01x10™3
MeNO -212.00x10 1,1 4o0x10”1 5.6x10~1 1,36x1O”4
PhlI02 1.12x10-2m 4.8x10“1 1.3x10“1 2.8x10”1 5.94x10“3
DMF
-2n 5.24x10 ^
6.0x10“1 1,48x10 ~ 4
DMSO 7.1 7x10”4
PhCH20H 5.8x10"2
6.29x10”3 
1.47x10*"3
2.97x10~3
2.88x10~4
1.10x10”4 
4.85x10”3 
5.0x10”4 
6.04x10"4
1.29x10”3 
2.14x10”2
F
6.01x10” 3
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Solvent G II I J
H O2 AMeOH 1.85x10" 7.0x10"-5 1o81x10"2 2650x1O"3
EtOH 1o92x10“4 3i9x10~5 9«4x10”5 1.97x10"^
PrnOH 1,15x10~4 3.1x10~5 7.2x10"'’ 1.62x10"5
Pr1OH 3.0x1O"5
BunOH 9.41x10"5 3.1x10"3
Bu*OH 2.6x1O"3
Am1 OH 7.4x1O"5
MeCO Et 6.5x10"'’
PhCO Et 1.32x10”2
MeCOMe 1.30x1O"5 4.3x10“2 2.4x1O”5
MeCOEt 3 . 6 x 1 0 " 2
PhCOMe 7.7x10~2
EtOEt 1.6x10 4
K
PhOMe
THF
Dioxan
n-C6H14
°6H6
PhCH^
PhCl
PhBr
Phi
CH2C12
CHCl_5
CC1.4CELC1CH Cl 2 2
CHC1 CHC1
MeCN
EtCN
PhCN
MeNO
PhNO
DMF
DMSO'
PhCH^ OH .
8.7x10~5 
2.8x10~5 1.51x10“5
1.62x10-2
2.61
2.28x10“4 2.15
2.07
8.43x1O"4 2.60
2.70 
3.06
2.52
1.65
2.57x10'-1
1.76x10*
8.1x10“1 
7.0x10”2 9.2x10”2
5.50
5.57
2.58x10~2 8.29x10"5
L
9.32
6.35
4.58
104
20.8
22.2
7.07 
4.31
12.7
16.8
206
125
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V
MeOH
EtOH
PrnOII
PrXOH
Bun0H
ButOH
Am1 OH
MeCO Et
PhCO^Et
MeCOMe
MeGOEt
PhCOMe
EtOEt
PhOMe
THE
Dioxan
n-°6 H14
C6H6
PhCII5PhCl
PhBr
Phi
ch20i2 
:c:
CGI
So3.vent
CHC13
CH C1CE Cl 2 2
CHC1 CHC1
MeCN
EtCN
Ph.CN
MeNO
PhN02
BMP
DMSO
PhCH2OH
2.01x10"5
M N
6o7x10“5 
2.38x10"' 
2.0x1O”4 6.9x10"2
2.12x10'-2
1.12x1O"5 2.48x10"5
3.48x10'-5
7.7x10"
3.28x1O"4 2.18x10~1
Solvent no, 
1 
2
3
4
5
6
‘ 7 
8 
9 
10 
11 
12
13
14
15
16
17
18
19
20 ■
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
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A Et J  + Eti at 25 °C
B Pr J  + Rel at 20 °C
C Et^ ,N + BrCHgCOgEt at 20 C
D Et_N + ICH CO_Et at 20 °C3 2 2
E C_HCN + n-C II Br at 75.°G55 12 25
F C H J  + PhCH Br at 30 C 0 0 2
G PhCH NEt + Mel at 30 C
II C' H J  + Eti at 25 °0
I Me^N + pNOgCgH CHgCl at 25 C
J EtJNf + EtBr at 66 °G
2 oII C H J  + Mel at 100 C
5 5  oL PhCH NMe + Mel at 30 C
M C H J  + Mel at 25 °05 5
N MeJH + PhCH Cl at 30 C 5 2
Reaction Units of k Ref
3dm mol . -1m m see
dm7 mol" . -1 m m 135
3dm mol . -1m m 130
dm7 mol" . -1m m 130
3 —4 dm mol S'1 139
-1 -1mol fract s 149
3dm mol -1s 134
dm"3 mol" h-1 137
3 -dm mol . -1m m 136
dm'3 mol . -1m m 150
loflO(kx o5) 1513 -dm mol h"1 138
3dm mol -1s 152
3 -dm mol . -1 m m 153
Superscripts for reaction A
a this work, see page 273
b averaged extrapolated value from Ref. 146, 154? 155
c extrapolated value from Ref. 155
d extrapolated value from Ref. 156
e extrapolated value from Ref. 154
f averaged extrapolated value from Ref. 146, 157
S value from Ref. 158
h extrapolated value from Ref. 157
i averaged extrapolated value from Ref. 146, 155
0 averaged extrapolated value from Ref. 155, 157
lc extrapolated from value at 30 °CS, using Ea for CHC1„ Ref. 155
1 value from Ref. 147
m averaged extrapolated value from Ref. 146, 155, 159
n value from Ref. 158
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The logarithms of the rate coefficients for each of the 
reactions were plotted against the logarithms of the rate 
coefficients for the reaction between tri-n-propylamine and 
methyl iodide (reaction B).
Reactions A, C, D, G, M and N all gave good linear correlations 
for all the solvents (with the exception of n-hexane in reaction A), 
including the hydroxylic solvents where these had been studied.
Reactions E, F, I and J all resulted in two lines, one for the 
hydroxylic solvents, and one for the others, although the point 
for n-hexane in reaction I fell on neither line. Reactions II, L 
and K, gave only reasonable linearity, but for all the solvents.
Two examples of these logarithmic plots are given. The first 
shows a ’one line1 plot, .and the second a plot which resulted in 
separate lines for hydroxylic and other solvents. The solvents are
numbered as on page 181, Note that since only primary alcohols had. been 
studied for reaction B, the correlations are for these hydroxylics only.
3 + log k (reaction B)
0 0.5 1.0 1.5 2.0 2.5 3.0
3 + log k (reaction B)
The slopes (R) of the lines obtained by plotting logarithms
of rate coefficients for each reaction against values for reaction
B (the reaction between Prn_N and Mel at 20 °C) were calculated5
by a least squares method, and the correlation coefficients (r)
were also determined. For all the graphs (resulting in one, or two lines),
the slopes and correlation coefficients are given in two ways;
firstly, the points for all the solvents were treated as though
they approximated to one line, and secondly, the points were split
into two sets, those for hydroxylic solvents and those for other
solvents. The resultant increases in the correlation coefficients
showed that the 'two line' approximations were much better, usually.
Values of R and of r for the various plots are given over the 
page. The reactions are listed on page 182,
Values of slopes (R) and correlation coefficients (r) obtained 
by plotting logarithmic rate coefficients, for the various reactions 
against those for reaction B
Primary
All solvents Hydroxylic Aprotic
Reaction -R r R r R r
‘ A 1.008 0.991 0.700 0.979 1 .023 0.985
C 0.927 0.996 0.927 0.996
D 0.830 0.997 0.830 0,997
Cr 0.664 0.989 0.736 0.914 0.260 1.000
M 1.034 0.976 1.075 0.990
N 1.288 0.986 1.288 . 0.986
H 0.754 0.946 0.742 0.846 0.986 • 0.953
IC 0.748 0.943 0.748 0.943
L 0.848 0.931 1.223 1.000 0.906 0.925
E 0.391 0.526 0.762 0.926 1 .127 0.987
P 0.862 0.670 1.242 0.932
I. 0.976 0.907 0.565 0.889 1.297 0,959
J ' 0.199 0.207 0.794 0.999 1.093 0.995
1 30Drougard and Deer00cq obtained values of R for several >
Menschutkin reactions, using the same method as was used in this
work, and where comparisons are possible, the above values are in 
good agreement with theirs. Prom the results which have been 
obtained in this work, it would seem that the Drougard-Decroocq 
equation is obeyed by a wide range of Menschutkin reactions, 
although in some instances it is necessary to consider the reactions 
in hydroxylic solvents separately from those in aprotic solvents. 
This kinetic parameter is therefore of use in describing solvent 
effects on S^2 Menschutkin reactions, the chief requirement being 
that the value of R is calculated from as wide a range of solvents
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as possible, and with the proviso that hydroxylic solvents may 
need to be considered separately.
The fact that straight lines are obtained on plotting the 
rate coefficients for several Menschutkin reactions against rate 
coefficients for other Menschutkin reactions can be explained in 
two ways. The reason could be that a general solvent effect is 
operating in these reactions, or it could be that there are 
specific solvents effects which are, fortuitously, very similar 
for all the reactions, and thus give rise to linear correlations 
amongst .the rate coefficients. A dissection of the solvent effects 
into initial state and transition state contributions might enable 
a decision to be made between the two explanations.
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SECTION 13
Dissection of Solvent Effects on an S^2 Reaction 
into Initial State and Transition State Effects
183
It was shown in Section 10 that, for hydroxylic solvents, no 
correlations existed between the values of 6 A  Cx^ for a number 
of Menschutkin reactions and either the solvent parameters 6, fa 
and (D ~ 1)/(2D + l), or values of A  fax for tetra-alkylammonium 
halide ion pairs.
In the present section, a dissection will be carried out of 
the solvent effects on one particular Menschutkin reaction, namely 
that between triethylamine and ethyl iodide, into initial state 
and transition state components, to see if any correlations exist 
between the parameters mentioned .above, and the values of A> G-,.X(Tr),“U
in a much wider range of solvents.
As before (see page 80), the equation expressing the dissection 
is, on the mole fraction scale,
A G tX(Tr) = A G tx(Et3N) + A G tX(Etl) + 6A gx*
Values of sA g3^  were obtained from the values of the rate 
coefficients in the different solvents by the equation (see page 88)
6 A g^  = RT In fa /fa
where fa and fa are the mole fraction rate coefficients of the 
reaction in the standard solvent, 1 (methanol), and in another 
solvent, 2. Rate coefficients at 25 °G for several hydroxylic 
and other solvents were determined in the present work (see previous 
section, also page 266), The range of solvents was increased by 
the addition of values of rate coefficients, at 25 °G, obtained 
from the literature. Some rate determinations in the literature 
had been carried out at several temperatures, but not at 25 °C, and 
in such cases, extrapolation to 25 °C presented no difficulties.
For the reaction in solvent dichlorornethane,' the only available
189
rate coefficient was for reaction at 30 °G. The value of.the 
Arrhenius energy of activation (E ) was taken as being approximately
3 .
equal to the value in solvent chloroform, which was available, and 
the rate coefficient in dichlorcmethane at 25 °G then estimated.
.The range of solvents was increased even more by making use 
of.the fact that there exists a good linear correlation between the 
rates for reaction between triethylamine and ethyl iodide, and 
the rates for reaction between tri-n-propylamine and methyl iodide, 
which had been studied in a very large number of solvents (see 
previous section). It was therefore possible to estimate values 
of the rate coefficients for the reaction-.between triethylamine 
and ethyl iodide in several other solvents for which experimental 
rates were unavailable.
In these ways, rate coefficients for the reaction between 
triethylamine and ethyl iodide at 25 °G in 33 solvents were 
collected together.
Values of for the two reactants were determined by a
gas liquid chromatographic method. Terminal values of Raoult *s 
law activity coefficients, y00 were determined and then substituted 
into the following equation (see page 87).
co
A g ,X = ET In 12t —co
*1
O OThe method used to determine values of y T°r triethylamine 
and ethyl iodide has been described in detail in Section 18. The 
chromatographic method proved to be very unsuccessful in obtaining
O Oa value of y for ethyl iodide in solvent water, and so alternative 
methods were used. *
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CO/ s QThe, value of y (Eti; in water at 25 0 was calculated in two
completely independent ways.
(i) The solubility of Eti in water at 25 °C was estimated to be 3.99 g dm""''’ 
from the solubilities at different temperatures available in the 
literature
As derived on page 86,
Y°° =
P x x->0 o J
where P is the vapour pressure of the solute in the vapour above
a solution of mole fraction concentration x, and P^ is the vapour
pressure of the pure solute. For a saturated solution,
P » Po
Since the solution is also very dilute,
oo . /y £±. 1/x
Converting the molar solubility to the mole fraction scale,
' Y°° = 55-55 ^ 155.967 = , 2164
3.99
(ii) At 25 °C, the molar volume of Eti is calculated from molecular
1E1weight divided by density ,
155.967/1.9253 « 81.01
According to Ref. 117? the molar scale free energy of transfer
from methanol to water of a non-polar non-electrolyte of this
-1molar volume is 2839 cal mol
00 c
Yp o2839 = RT In 2
00 c 
TMeOH
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OO xConverting to the mole fraction scale, and taking Y^qOH 
(obtained in this work)
7.982
CO X
V
CO X
YMeOH
CO cY^o x 55.35
OO c 
YMeOH x 24.55
oo xso that Yjj q = 2168
The agreement between the values obtained from these two methods
oois surprisingly good. A value of 2165 for y in water was therefore 
adopted.
The value of y°° (Bt^N) in water was determined by the usual 
chromatographic method, and was then corrected for ionisation of 
the solute and extrapolated to zero concentration. .
• Comparison between the values of y00 obtained in this work, 
and values from the literature was, in general, quite favourable, 
as shorn below.
Solvent y00 (Etl) this work y°° (Etl) Lit. Ref.
MeNOg 4.810 3.38 (65 °C) 136
6 14 • 1.896 1.8 (65 °C) 136
EtOH 5.000 , 5.1 (30 °C) 162
Solvent y°° (St^N) this work 4 ° (BtJf) Lit. 3 Ref.MeOH ' 0.984 1 o 10 a 163
EtOH .. 1.262 1.20 a 163
PrnOH 0.897 0.954 a 163
BunOH 0.839 0.825 a 163
MeCN 10.739 8.0 (78 °C) 164
6 14 1.589 1.00 165
1.167 b 166
H2° 67.5 62.0 a 167,
PhCl 1.221 1.20 (90 °C) 169
MeNO 12.310 13.2 136
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Solvent y00 (Et N) this work y °  (EfaN) Lit. Ref.
CHC1 • 0.340 0.200 b 166
CC14 0.826 0.679 b 166
ch2ci2 0.935 0.941 b 166
CH C1CH 01 2.138 1.423 b . 166
PhNO 3:597 3*627 b 166
°6H6 1.300 1.300 
1.049 b 
1 * 329
170
166
171
a extrapolated to 25 °G
b calculated from distribution data, using y°° (Et^N) in water's 67.5 
c literature value of 1.00 used in subsequent calculations
On the following page are listed the values of the molar 
reaction rate coefficients, for reaction between triethylamine 
and ethyl iodide, at 25 °C, together with values of 10 0 0 p / i f ig 
to enable a conversion to the mole fraction scale to be carried out. 
Also tabulated are the values of y°° io** both reactants in the 
various solvents.
On page 194 is given the results of the dissection of solvent 
effects on.this reaction, the values of the free energies of 
transfer having been calculated from the relevant equations on
pages 188 and 189, on the mole fraction scale, in units of kcal mol 
at 25 fa.
—1
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Solvent
H2°
MeOH
, c a k
2608 x 
2.33 x 0 
0 
1 
i
-TO 
vro
y°° (Et^H) b 
67.5 
0.984
(Eti) b 
2165 
76982
10 OOp/ii
55.35
24.55
EtOH
Prn0H
PrYlI
1.97 x 
1.43 x 
1.92 X
0“4
o"4
o"4
1 6262 
0*897 
1.449
5.000
3.878
3.845
17.05
13.31
12.99
Bun0H 1.16 x o"4 0.839 3.160 10.87
Bu Y h 2.70 X O"4 1.789 4.038 10.53
Am1 OH 0.664 2.275 9.137
MeCO^Et 4*67 x o"4 2.460 e1.42 10.15
PhCO^Et;
MeCOMe
MeCOEt
1.43 x
3.88 X 
2.35 x
o"3
o"3
o"3
2.032
f2.74
2.742
1.149
2.102
1.417
6.939 
13.52 
11.09
PhCOMe 1.0 x 10 3.072 1.281. 8.521
EtOEt 2.24 x o~ g h1.98-4.4 2.265 9.548
THE 7.25 x 0-4 1.442 0.926 12.25
Bi oxan 7.19 x O"4 ' 3.377 1.338 11.67
n-C6HH
C6H6
PhCH3PhCl
1.06 x 10 . 
3.5 x 10~4 
2.02 x 10~4 
1.13 x 10~3
1.000 
1.300 
0.981 
1.221
1.896 
1.072 
1.103 
1.014
7; 598 
11.18 
9.359 
9.776
PhBr 1 .50 x 0~3 1.385 1.046 7.295
Phi 2.96 x o"3 1.626 0,886 8.935
CH2C12 4.92 x o"3 0.935 2.065 15.50
chgi7 
cci4 . 
CH C1CH Cl 
CHG12CHG12 
MeCH
1 .78 x 10" 3 
2.63 x 10“5d 
5.6 x 10"3 
2.19 x 10"2d 
1.36 x 10"2
0.340
0.826
2.138
0.125
10.739
0.956
e1.23 
1.438 
0.781 
4.252
12.40
10.30
12.58
9.458
18.92
EtCN 6.99 x O"3 4.262 2.542 14.10
PhCN 1.01 x 0“2 2.841 1.635 9.706
«T is! O IV) 2.00 x o"2 12.310 4.810 18.52
PhH02
BMP
1.12 x 
1.48 x
0"2
o"2d
3.597
8.630
1.589
1.923
9.734
12.91
DMSO 5.24 x o"2 30.311 3.107 14.00
3 —1 —1a values of molar rate coefficient in clnr mol min from page 179 
b values from page 285 c values from Ref. 94
d calculated from rates for Prn^N + Mel see page 189 e 50° C Ref. 172
f estimated value g from distribution data Ref. 173 h. Ref. 166
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o 5 -1on the mole fraction scale, at 25 C, in units of kcal mol
D issection of solvent e ffe c ts  on the reaction between Et_N and E t l
Solvent 6 A O A g X(Etl) A g ,x(e m )v 3 A G tX(Tr)
H2° -1 .78 ro 2 .50 4.04
MeOH 0,00 0.00 0.00 0,00
EtOH 0.32 ' -0.28 • 0.15 0.19
Prn0H 0.65 -0.43 -0.05 0.17
pA oh 0.36 -0.43 0.23 0.16
BunOH 0.90 -0.55 -0.09 0.26
Bu*0H 0.41 -0.40 0.35 0.36
Am3* OH -0.74 -0.23
MeCO Et 0.11. -1.02 0.54 -0.37
PhCO Et -0.33 -1.15 0.43 -1.05
MeCOMe -1.31 -0.79 0.61 -1.49
MeGOEt -0.90 -1.02 0.61 -1.31
PhCOMe -1.60 -1.08 0.67 -2.01
EtOEt 1.95 -0.75 0.41 - 0.92 1.61 - 2.12
THE -0.26 -1.28 0,23 -1.31
Dioxan -0.23 VDOoT 0.73 -0.56
n"C6H14 3.89 -0.85 0.01 3.05
C6H6 0.23 -1.19 ‘ 0.16 -0.80
PhCH . 3 0.66 -1.17 0.00 -0.51PhCl -0.39 -1.22 • 0.13 -1.48
PhBr -0.38 -1.20 0.20 -1 .38
Phi -0.91 -1.30 0.30 -1.91
CH2C12 ' . -1.53 -0.80 -0.03 -2.36
CHC13 -0,80 -1.26 -0.63 -2.69CC1. 4 1 .81 -1.11 .-0,10 • 0.60
GH2C1GH0C1 -1.49 -1.02 • 0,46 -2.05
GHC12CHC1 -2.12 -1 .38 -1.22 -4.72
MeCN -2.25 -0.37 1.42 -1 .20
EtCN -1.69 -0.68 0.87 -1.50
PhCN -1.68 -0.94 0.63 -1.99
MeNO -2.47 -0.30 1.50 -1.27
PhNO2 -1.75 -0.96 0.77 -1.94
DMF -2i08 -0.84 1,29. -1.63
DI-ISO -2.87 -0.56 2.03 -1.40
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On th® following pa go are tabulated valuer, of Tr) for
the reaction between t ri ethyl ami lie and ethyl iodic! o, together with 
values of the mole fraction free energies of transfer of the tetra­
ethyl ammonium iodide ion pair, and various parameters of the solvents.
Values of Z\fax(Tr) were firstly plotted against values of 
Ac.tx(Et4l!l), to give the graph reproduced on page 197. It was 
noted, on page 82, that if such a plot results in double curves, 
one for the hydroxylic solvents, and one for the aprotic solvents, 
then this implies that the transition state resembles a polarisable
non-electrolyte; this conclusion can therefore be drawn here.
111Double curves have been obtained previously for several 
Menschutkin reactions, when values of Z\G,X(Tr) have been plotted 
against values of Z\ g .^X for suitable ion pairs, and in the 
majority of the- graphs, the slopes, of the lines drawn for the aprotic 
solvents have been very similar, with an average of about 0.42.
This effect could therefore be said to be the 'normal’ solvent 
effect on Menschutkin reactions. The slope of the line drawn in 
the graph on page 197 also has this approximate value (about O.40). 
From this, it can be concluded that the solvents whose points fall 
far from the line are giving rise to specific solvent-solute inter-. 
actions. These are, in the main, the chlorinated aliphatics and 
most of the aromatics (i.e. easily polarisable solvents) and the 
hydroxylic solvents. Only the aliphatic aprotic solvents act as 
'normal' solvents, according to this analysis. These normal solvents 
are n-hexane, cyclo-hexane, diethylether, ethyl acetate, aceto- 
nitrile, proprionitrile, nitromethane, diraethylformamide and 
dimethylsulphoxide. Other solvents which could possibly be included 
in the list are ethyl benzoate, acetone, methyl ethyl ketone and 
bromobenzene.
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No. Solvent A G tX(Tr)aA G tX(Et4Nl)b 6bc E bdX Db (D-1 )/(21
1 H2° 4.04 0.1 23.4 63.1 78.54 0.4905
2 MeOH 0.00 0.0 14.3 55.5 32.62 0.4774
• 2 EtOH 0.19 1.1 12.7 51.9 24.33 0.4693
4 Prn0H 0.17 1.4 11.9 50.7 20.45 0.4642
5 PtoOH 0.16 2.0 11.5 48.6 19.41 0.4623
6 Bun0H 0.26 1.6 11.4 50.2 17.45 0.4582
7 Bu*0H 0.36 3.3 10.5 43.9 12.50 0.4423
9 Me’CO Et -0.37 4.8 8.9 38.1 6.02 0.3850
10 PhC02Et -1.05 3.9 9.6 5.92 0.3832
11 MeGOMe -1.49 1.9 9.6 42.2 20.49 0.4643
12 MeCOEt -1.31 2.7 9.1 41.3 18.01 0.4595
13 PhCOMe -2.01 2.1 10.4 41.3 17.48 0.4583
14 EtOEt 1.61 - 2.12 8.3 7.8 34.6 4.22 0.3411
16 THE -1.31 9.3 37.4 7.39 0.4049
17 Dioxan -0.56 9.8 36.0 2.21 0.2232
18 n-CMT 6 14 3.05 13.3 7.3 30.9 1.90 0.1875
19 -0.80 6.4 9.2 34.5 2.27 0.2292
20 PhCHJ -0.51 8.9 33.9 2.38 0.2396
21 PhGl -1.48 4.6 9.5 37.5 5.62 0.3774
22 PliBr -1.38 2.7® 8.6 37.5 5.40 0.3729
23 Phi -1.91 10.0 37.9 4.62 0.3535
24 CH2d 2 -2.36 1.7® 10.0 41.1 8.93 0.4205
25 CHC13 ' -2,69 9.3 39.1 4.72 0.3563
26 ' CGI .4. 0.60 10.5 8.6 32.5 2.23 0.2253
2 1
28
CH C1CH2C1 -2.05 
CHC1 CHC1 -4o 72
4.1
o.o6
9.9
9.8
41.9 10.23
8.08
0.4301
0.4126
29 MeCN . -1.20 1.2 11.7 46.0 36.02 -0.4795
30 EtCN -1.50 4 A e1.4 10.6 43.7 27.87 0.4736
31 PhGN -1.99 1.6e 42.0 25.19 0.4708
32 MeNO -1.27 1.0 12.6 46. j 38.6 0.4808
33 PhN02 -1.94 1.6 11.1 42.0 34.82 0.4788
34 DME -1.63 0.5 11 .8 43.8 36.71 0.4798
35 DMSO -1.40 0.2e 13.0 45.0 46.68 0.4841
a values from previous page 
c units (cal cm ^)2 d units kcal mol
b values from Ref. 94 
-1 e values from Ref, 111
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Plot of Z\G,X(Tr) for reaction between EtvN and EtI,t j
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Values of A,G^x(Tr) were also plotted against the solvent 
parameters (D - l)/(2D + l), 6 and E^ . The plot against E^ gave 
a completely random scatter of points, from which no conclusions 
could be drawn (this contrasts with the result found by Kosower, 
see Ref. 105).
The plot against the Kirkwood function (D - l)/(2h + 1 )• is 
reproduced below. A straight line can be approximately drawn 
through the ’normal’ solvents (mainly those listed on page 195), 
although even with these solvents there is quite a scatter of points 
about the line. Using the equation given in Ref. 115? the slope of
this line corresponds to a moment of 7.3 D? and taking the Kv.-I 
°94distance as 4.0 A , this leads to a charge separation of 0.38 units. 
This compares favourably with the value obtained (<^ 0.40) from the 
graph on page 197.
Plot of A g X(Tr) against (D ~ l)/(2D + l) with solvents numbered
as on page 196.
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Finally, values of Acr^x(Tr) were' plotted against values of 
6, to give the graph reproduced on page 201. For a non-electrolytic 
species i, it was shown on page 68 that
A g . = V. (6. - 6)2i l l '
where and <fa are the molar volume and solubility parameter of
the species, and 6 is the solubility parameter of the solvent.
The graph obtained (see page 201, note that the hydroxylic solvents
have been omitted as their points did not conform to the curve) can
be approximately fitted to an equation of this form, using a value
3 -1of V for the transition state of 193 cm mol , estimated from data 
in Ref. 117, and gives a value of 6 for the transition state of 
approximately 11.0. It can be seen, once again, that many of the 
solvents are anomalous, in particular the hydroxylics and the 
chlorinated aliphatics. Aromatics are not especially anomalous 
in this treatmentj because the polarisability is already taken 
into account in the value of 5.
Values of 6 for the transition states of a few Menschutkin
94reactions have been obtained previously , from rate data. In all 
cases, including this work, 6 for the transition states is larger 
than 6 for' the reactants, and in accordance with the rule of 
Richardson and Soper (see page 69), the reactions are all 
accelerated by solvents with high solubility parameters. The value 
of 6 (11.0) obtained in this work indicates that the transition 
state for the reaction between triethylamine and ethyl iodide is 
a moderately polar non-electrolyte. The available values of 6 for 
Menschutkin reactions are listed over page, from Ref. 94.
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Transition State 6,pr
Et N/Etl 13.5
C H N/fael 14.0
Me^N/pNOgCgH^CHgCl 14.0
Prn5/Mel 14.0
Et^N/Etl 11.0 (This work)
In the graphs on pages 197, 198 and. 201 t estimated values 
of the free energies of transfer for solvents cyclohexane and
1.1-dichloroethane have been shown. Their values and sources 
are given below.
Solvent 6 A A  A G tx(Etl) A G tX(Et^N) A G tx(Tr)
Cyclohexane .3.70a -1.06b 0.03° 2.67
1.1-dichloroethane -0.68a -1.02d -0.068 -1.76
a Prom linear correlation between rates for this reaction and that 
between Prn^N and Mel (see page 183) 
b Estimated from data in Ref. 174 c Ref. 165 
d Estimated from value for CH CICHgCl e Ref. 166
Values of solubility parameters for these solvents (footnotes as • 
given for the table on page 196).
Solvent A G tX(Et4Nl)b 6b° ETbd Db (D-1 )/(2D+1)
Cyclohexane 12.4 8.2 31.2 2.01 0.2012
CHClgCH^ 4.1 9.1 39.4 9.09 0.4279
201
Plot of Afafar) against 6, with solvents numbered as on page 196 
Th© solid curve is that for the equation on page 199, with 
Vi = 193 cm2 mol”'* and 6 = 11.0 (cal cm”3)2
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At the end of the previous section, it was not possible 
to decide whether the solvent effects on Menschutkin reactions 
are general solvent effects, or whether they are due to specific 
solute-solvent interactions. From the analysis of the dissected 
values of A e tx(ir) in this section, it is now evident that whilst 
there are general solvent effects acting on the transition state 
of the reaction between triethylamine and ethyl iodide in the 
‘normal1 solvents (those listed on page 195), in many cases, 
additional, specific, effects have been observed, mainly for the 
aromatic, hydroxylic and chlorinated solvents. The fact that the 
solvent effects on most of the reactions in the previous section 
were very similar is partly fortuitous, and is due, at least for 
the triethylamine/ethyl iodide reaction, to the solvent effects on 
the two reactants cancelling out the effects on the transition 
state. The other reason for the similarity in solvent effects 
for the various Menschutkin reactions is that any specific solvent 
effects would be expected to be similar in a set of reactions which 
are alike. Thus, specific effects can appear to be general solvent 
effects in a range of similar reactions.
From the plots of A G tx(Tr) against A G tx( Et,Ni) and against 
(D - 1)/(2D + l), it can be concluded that the transition state 
is polarisable, but not very much like an ion pair. The plot 
against 6 indicates its non-electrolytic character, so the 
conclusion is that the transition state for the reaction between 
triethylamine and ethyl iodide is polarisable, and intermediate 
between a non-electrolyte and an.ion pair (in contrast to the 
conclusions of Laidler and coworkers, see Ref. 88b, 88c.)
The dissection of solvent effects on this reaction has also
IfAAr ' . ..
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helped to resolve the problem of the exceptionally fast rate of
Xreaction in the two solvents Bu OH and Pr OH, which are quite 
anomalous when compared with rates in the other alcohols. The 
result is clearly due to the very large solvent effects on tri­
ethylamine (see table on page 194) which raises the free energy 
of the solute, thereby reducing the value of
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SECTION 14
General Conclusions
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The work which has been described has been carried out with 
the, object of gaining more information about 3^ ,2 and 8^2 reactions 
in general, and in particular about the S^2 mercury-for-tin reactions 
between tetra-alkyltins and mercury(ll) salts, and the S„2r«
Menschutkin reaction between triethylamine and ethyl iodide.
At the beginning of the study, two theories were investigated 
regarding the mechanism of S„2 reactions: that of Abraham and Hill,JL
which connected reaction rate sequences with open and cyclic 
types of S^2 retention reactions, and that of Jensen and Davis, 
which suggested a correlation between reaction rate sequence and 
the stereochemistry of substitution. It was shown that neither 
theory was complete in itself, and a new theory was developed, by 
means of which it is now possible to distinguish between the two 
mechanisms Sg2(open)lnv and Sg2(open)Ret, merely by reference to 
the reactivity sequence observed.
For the reactions between tetra-alkyltins and mercury(ll) 
chloride and iodide, kinetic salt effects and solvent effects had 
shown previously that the transition states were open, in solvents 
aqueous methanol, methanol, tertiary butanol, and their mixtures, 
and more recent work, dealing with substitution by various mercury(ll) 
carboxylates had shown that for the reaction between tetra-alkyltins 
and mercury(ll) acetate, the transition states were also open, in 
solvent methanol, though probably more cyclic in tertiary butanol.
It was then possible, by using the new stereochemical 
configuration theory, to assign mechanism Sg2(open)Ret to the 
reactions between tetra-alkyltins and mercury(ll) chloride in 
solvents methanol and tertiary butanol, and between tetra-alkyltins 
and mercury(ll) acetate in methanol.
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It was then shown, from the calculations described in 
Section 9? that the ST?2(open)Ret transition state can account semi- 
quant it at ively for the observed relative rate sequences. The 
method used in the calculations was checked by using it to 
determine relative rates of reaction of an S^2 process; the 
calculated and experimental results agreed well, demonstrating 
the validity of the method.
Values of for the reactions between tetramethyltin
and mercury(II) chloride, iodide and acetate were shown to be 
fairly well correlated with values of the Kirkwood function 
(D-1) /( 2D+-1) for a range of five hydroxylic solvents, and they 
also correlated quite well with the solvent parameter E^ , and with 
values of / A g^X for tetra-alkylammonium halide ion pairs. These 
findings indicated a fairly polar transition state, and the fact 
that the variation in values of 6/ A gX:^ on changing the solvent 
was intermediate between that for S^ 1 and S^2 reactions strengthened 
this inference.
In order to gain more information about the nature of the 
transition states in these 3^2 reactions, the solvent effects 
were dissected into initial state and transition state effects. 
Initial state effects were shown to be very small, so that the 
effects of solvent on the rates of these reactions were due, chiefly, 
to transition state effects.
For some of the five alcoholic solvents studied, there were
linear correlations between the Kirkwood function (D-l)/(2D+l)
and values of A  G^X for the various transition states. Moderately
good correlations were obtained between values of A G , x(Tr) andt
the two solvent parameters E^ and 6. On plotting values of
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A g x(Tr) against values of A g x for tetra-alkylammonium halide t t
ion pairs, reasonably good correlations were again obtained, 
although it was often necessary to exclude the solvent tertiary 
butanol. It was again shown, by comparing values of A G tX(Tr), 
that the polarity* of the S^2 transition states for the five 
reactions between tetramethyltin and mercury(ll) chloride and 
iodide, and between tetraethyltin and mercury(II) chloride, iodide 
and acetate, was less than that of S^ 1 solvolysis transition states 
but greater than that of S^2 Menschutkin transition states.
For the S.^ 2 Menschutkin reactions, there was no problem 
about the stereochemistry of reaction, as it is well-established 
that inversion is always observed. What was required, however, 
was some more information about the polarity of the transition 
states. It was demonstrated, in Section 10, that the logarithms 
of the rates of several Menschutkin reactions considered were not 
linearly related to each- other for hydroxylic solvents, when these 
included secondary and tertiary alcohols. However, in Section 12, 
when a much wider range of solvents was considered, it was shown 
that for several Menschutkin reactions, the logarithmic rates 
were linearly related to each other for primary alcohols, and for 
aprotic solvents; the Drougard-Decroocq equation is therefore 
obeyed in these cases, although the line obtained for the 
hydroxylics was frequently not collihear with that for the aprotics
*  The term 'polarity* is used here to mean the charge separation 
in the transition state, rather than its dipole moment. It is 
clear that a given charge separation acting over a large distance 
will result in a larger dipole moment than if it acts over a 
smaller distance.
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Even though the Drougard-Decroocq equation is obeyed for aprotic 
solvents, it was not clear whether the solvent effects were due 
to general effects, arising in all the reactions, or to specific 
solvent-solute interactions, which, by coincidence, were very 
similar for the various reactions.
In order to clarify the situation, solvent effects on the
reaction between triethylamine and ethyl iodide were dissected
into their initial state and transition state components. It
was demonstrated that values of Z \ g .x for the transition statet
were approximately linearly related, for the ’normal1 solvents, 
(excluding hydroxylics, and polarisable solvents such as aromatics 
and chlorinated aliphatics) to values of A g x^ for the tetra­
ethyl ammonium iodide ion pair, and to the Kirkwood function. A 
curve was obtained, as required by theory, on plotting values of 
Z\G^x(Tr) against the solubility parameter 6, again by excluding 
the hydroxylics and chlorinated aliphatics.
Prom these results, it was deduced that the effects of 
solvents on Menschutkin reactions were due to a combination of 
general effects and a large number of specific effects. The fact 
that solvent effects, in terms of the rates of reaction, were very 
similar for several Menschutkin reactions is possibly fortuitous, 
and may well be due to the specific solvent effects on the initial 
states cancelling out those on the transition states.
Solvents which give rise to specific effects- are, in general, 
the hydroxylic solvents, the aromatics, and the chlorinated 
aliphatics. 'Normal* solvents include n-hexane, cyclohexane, 
diethylether, ethyl acetate, acetonitrile, proprionitrile, nitro- 
methane, dimethylformamide and dimethylsulphoxide, as listed on
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page 195.
It was concluded that the transition states for Menschutkin 
reactions, and in particular that between triethylamine and ethyl 
iodide, behave as if they were polarisable species, intermediate 
in character between non-electrolytes and ion pairs, though 
probably nearer the former. It was estimated that the triethyl- 
amine/ethyl iodide transition state has a solubility parameter of 
about 11.0, a dipole moment of about 7.3 D, and a charge separation 
of about 0.38 units.
EXPERIMENTAL
SECTION 15
Preparation and Purification of Materials
212
1 a Tetra-alkyltins
Tetraneopentyltin was a gift, and was used without further
175purification, (m.p. 125-129 °C, Lit. 130-135 °C; Analysis:
Pound: 0 59.26$ H 11.16$ Required: C 59.57$ H 11.00$; N.M.R. 
spectrum consistent with tetraneopentyltin being the only species 
present).
Por all the other (liquid) tetra-alkyltins, R.Sn, theT
appropriate Grignard reagent was first prepared, HMgBr, and
reaction of this with SnCl^ gave the tetra-alkyltin. Por tetra- ■
62c,176methyltin, the method of Poldesi was used. Por the other
tetra-alkyltins (R = Et, Prn, Pr1, Bu11, Bu1 ), the method of 
62d 177Van der Kerk 9 was used. All the liquid tetra-alkyltins were 
redistilled under reduced pressure whenever they became cloudy. 
The middle, constant boiling fractions were collected and stored 
in the dark. Their boiling points are given below.
Literature Ref.
78 °C/760 mm Hg 63
65 °C/l2 mm Hg 178
113 °C/10 mm Hg 63
103-104 °C/10 mm Hg 63 
145 °C/11 mm Hg 63
130 °C/lO mm Hg 63
1b Mercury(ll) salts
Mercury(ll) iodide (BDH Laboratory Grade) was recrystallised 
three times from methanol and dried at 65 °C under a pressure
1 Preparation and p u r if ic a t io n  of reactants
Compound Pound
Me. Sn 4 78 °C/760 mm Hg
Et .Sn 4 64 °C/l2 mm Hg
Prn Sn 4 113 °C/10 mm Hg
Pr1 Sn 4 105 °C/10 mm Hg
Bu11. Sn 4 146 °C/lO mm Hg
Bu1.Sn 4 129 °C/10 mm Hg
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of 1-2 mm Hg for several hours. The resulting product had a 
fusion temperature of 256-257 °C (Lit*.79a 257 °c).
Mercury(ll) chloride (BDH Laboratory Grade) was recrystallised 
three times from methanol and dried at 65 °G under a pressure of 
0.5 mm Hg. The resulting product had' a fusion temperature of 
266-268 °C (LitJ79b277 °C).
Mercury(ll) acetate (BDH Laboratory Grade) was recrystallised 
twice from glacial acetic acid. The resulting product had a 
fusion temperature of 170-172 °C.
1c Triethylamine
Triethylamine was allowed to stand overnight over sodium 
hydroxide pellets. It was then filtered and distilled, the 
middle, constant boiling fraction being collected (b.p. 88.5-89 °C 
LitJ®9 89.4 °C), and stored in the dark.
1d Ethyl iodide
Ethyl iodide was allowed to stand over anhydrous sodium 
carbonate and anhydrous sodium sulphate. It was then filtered 
and distilled, the middle, constant boiling fraction being 
collected (b.p.71*5-72.5 °C LitJ^9 72.4 °C), and stored in 
the dark.
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2 Purification of solvents 
2a Alcohols
All alcohols, with the exception of ethanol, were heated under 
reflux for about an hour mth calcium oxide or calcium sulphate 
which had previously been heated strongly in a silica crucible.
The alcohol was then allowed to distil over, and the middle, 
constant boiling fraction collected and stored in the dark.
Absolute ethanol was used as supplied (j. Burroughs Ltd.), 
without further purification. The boiling points of the alcohols 
are given below.
Literature
64.5 °G 
97.2 °C
82.5 °G
117.7 °G
82.5 °G
2b Ethyl acetate
Ethyl acetate was allowed to stand, overnight, over anhydrous 
sodium carbonate and anhydrous calcium chloride. It was then 
filtered and distilled, the middle, constant boiling fraction 
being collected (b.p. 77-77.5 °G Lit.180 77.1 °c), and stored 
in the dark.
Alcohol Pound
MeOH 64-64.5 °C
Prn0H 97 °G
P/OH 82.7 °c
BunOH 116.3-116*5
Bu*OH 82.5 °C
2c Acetonitrile
Acetonitrile was heated under reflux with phosphorus 
pentoxide for an hour. This procedure was repeated with fresh
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phosphorus pentoxide several times, until the phosphorus 
pentoxide was not discoloured when it was added to the refluxing 
mixture. Acetonitrile was then distilled from fresh phosphorus
pentoxide and anhydrous sodium carbonate and collected at 82 °G
"13 *1 o *5(Lit. 81.6 c) at a rate of 2-3 era /min. It was kept .in the
dark.
2d Water
Deionised water was used.
2e Ethyl benzoate
Ethyl benzoate was allowed to stand over anhydrous sodium 
carbonate and anhydrous calcium chloride for four days, and 
decanted before use.
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3a Tetra-n-butvlammonium perchorate (Bu^NClO^)
This was prepared by the addition of aqueous perchloric 
acid to an aqueous solution of tetra-n-butylaramonium hydroxide.
•Tetra-n-butylammonium perchlorate precipitated out and was 
filtered off, washed several times with cold distilled water, and 
then reorystallised from methanol-water (l:1, v/v). It was dried 
at 60 °C under a pressure of 15 mm Hg, and had a fusion 
temperature of 213 °G (Lit.^ 8  ^ 213 °0).
3b Preparation of quench solutions used in the analysis of the
reactions between tetra-alkyltins and mercury(ll) salts
All quench solutions were made up with compositions such that
after addition of the reaction aliquot, the final solution for
spectrophotometric analysis would contain 2.5 x 10*"^  mol dm""'5
potassium iodide in a solvent which had a methanol : water ratio
1 83of 96 : 4 (volume/volume, before mixing). The actual 
composition of a quench solution therefore depended on the 
quenching dilution being used in the particular reaction under 
study.
A general method for preparing a quench solution w i l l be 
given. Suppose the dilution ratio is 1 ; x (i.e. an aliquot of 
1 cm is being quenched by addition to (x - 1) cm quench solution, 
to give a final total volume of x cm^).
. (i) When the reaction solvent is methanol or ethanol
3 31 cm methanol from the reaction aliquot, when added to the y cm
methanol contained in the (x - 1) cm'’ quench solution, must give
3 Preparation of other m ateria ls
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, y + 1 96hence = _ _
(x - 1) + 1 100
hence y, since x is known.
The remainder of the (x - 1) cm3 quench solution must he water,
so this volume can be easily calculated.
3To prepare 2000 cm quench solution by weight, the densities of 
methanol and of water are required.^4 
p  2 5 — 0*7866 g cm 3
o25 HgO = 0.99707 g cm-3
The concentration of potassium iodide in the final quenched solution 
must be 2*5 x 10 3 mol dm 3, so that if the quench dilution factor 
is 1 : x, the concentration of potassium iodide in the quench 
solution must be
2.5 x 10-3 x _2L_ mol dm"3 
(* - 1)
3Therefore, to prepare 2000 cm quench solution suitable for a 
quenching dilution ratio of 1 : x, the required weights are, at 25 °G,
Methanol y x 2000 x 0.7866 g
(x - 1)
Water (x - 1 - y) ^ 200Q ^ 0#gg707 g
(x - 1)
Potassium iodide X x 2.5 x 10~3 x 2 x 166.01 g
(*-1)
When the reaction solvent was methanol or ethanol, the optical 
density of each quenched aliquot solution was measured at 301.5 nm
a final concentration of 96/ methanol - 4/ water
218
and 315 nm? and the calibrations given on page 222 used, 
ii) Por all other reaction solvents
Since? in these cases, no methanol was present in the reaction 
aliquot, all the quench solutions consisted of a solution of 
potassium iodide (whose concentration depended on the quenching 
dilution being used) in solvent 96$ methanol - 4$ water 
(volume/volume before mixing). Thus, with a quenching dilution
of 1 : x, the required weights of the constituents to make up
3 02000 cm quench solution would be, at 25 C,
96Methanol    x 2000 x 0.7866 g
100
Water Jfe. x 2000 x 0.99707 g
100
x —3Potassium iodide _______ x 2.5 x 10 x 2 x 166.01 g
L - 1 )
Using reaction solvents other than methanol or ethanol, the 
optical density of each quenched aliquot solution was measured at 
302 nm and 315 nm, and the calibrations given on page 237 used.
Compositions of the quench solutions used in this work are 
given on the next page.
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(i) Using reaction solvent methanol or ethanol
Quench dilution Methanol/g Water/g Potassium iodide/g
• ratio
2 1447.3 159.5 1.6601
5 1494.5 99.7 1.0376
50 1508.9 81.4 0.8470
100 1509.6 80.6 0.8384
200 1509.9 80.2 0.8342
500 1510.1 79.9 0.8317
(ii) Using,other reaction solvents
Quench dilution Methanol/g Water/g Potassium iodide/g 
ratio
1 20 1510.3 79.8 0.87371 100 1510.3 79.8 0.8384
1 200 1510.3 79.8 0.8342
1 250 1510.3 79.8 0.8334
SECTION 16
Kinetic Studies
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1 The reactions between tetra-alkyltins and mercury(ll) acetate in 
solvent methanol at 50 °C
1 a Rea.ction between tetraethvltin and mercury(ll) acetate in solvent
methanol at 50 °G '
Stock solutions of the two reactants were made up at 25 °G
and solutions for the actual kinetic runs were then prepared by
dilution at 25 °G of the stock solutions. Small quantities of
glacial acetic acid were added to each mercury(ll) acetate
solution, in varying amounts (0.1 to 0.6 cm/ acid per 100 cm/
mercury(ll) acetate solution). These reactant solutions were then
thermostatted in an oil bath at the run temperature of 30 °G, for
about an hour. The temperature of the oil bath was correct to
within 0.01 °G. An expansion factor, obtained from the densities
of methanol at 25 °G and 30 °C was used to correct from concentrations
at 25 °C to concentrations at 30 °C. The factor was incorporated
in computer program C05A, which is described later.
3At the start of the run, 25 cm portions of each reactant 
solution were pipetted into the reaction vessel (a graduated 
flask which was also maintained at 30 °C in the oil bath), and 
a stopwatch started when half of the second reactant solution 
had been discharged from the pipette. The concentration of 
acetic acid in the reaction mixture therefore varied from 0.05 
to 0.3 cm glacial acid per 100 cm reaction mixture. The
3reaction solution was mixed thoroughly, and 2 cm aliquots were
removed at intervals of one to two minutes, using a pipette.
3Each aliquot was run into a 10 cm graduated flask which contained .
3about 5 cmr of a quench solution of potassium iodide in aqueous
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pipette had delivered half its contants. Each quenched solution
3was then made up to 10 cm by addition of more quench solution.
In general, about twelve aliquots were taken during the course of
each reaction. Addition of the reaction aliquot to a solution of
potassium iodide in 96/ methanol - 4/ water (volume/volume before
mixing) results'*03 in the quantitative conversion of mercury(ll)
salt to the species.Hgl whioh can then be determined spectro-
photometrically.
The optical density of each quenched sample was measured, at
301.5 nm and 315 nm, using a Pye-Unicam SP 500 ultraviolet
spectrophotometer, fitted with a 570 type cell housing,
thermstatted at 25 °C, and matched 1 cm stoppered silica cells.
In each case, the solution in the reference cell contained exactly
the same proportions of methanol and water as the sample solution.
The initial concentration of mercury(ll) acetate was determined in
3the same manner, by quenching a 2 cm aliquot of the reactant 
solution.
Calibration values, to convert from optical density to
120concentration of mercury(ll) had- been determined previously,
and were as follows.
concentration of Hg(ll) _ opt. density at 301.5 nm - 0.046
in mol dm”3 11961.6
opt. density at 315 nm - 0.036
10124.0
Prom the calculated values of mercury(ll) concentration, it was 
possible to calculate the second order rate coefficient for the
methanol (see page 216), and the quench time taken when the ’
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kt = _ ! _  In [b (a - x)
a - b a (b - x)
where a and b are the initial concentration of tetra-alkyltin
and of mercury(ll) acetate, and x is the concentration of products
at time t« k is the second order rate coefficient.
In all cases, runs were followed to at least 60$ reaction,
and then these calculations were carried out by the computer,
using program C05A (see page 288 ) 9 and then for each run, values
of kt were plotted against values of t, and k determined from
the slope. In general, good straight line plots were obtained, -and
k was calculated using a least squares procedure (program C05?,
see page 293 )• For this procedure, the graph was firstly
assumed to have the equation
y = Mx + C
where y corresponds to values of kt and x to values of t, and the
slope, M, corresponds to k. C is the intercept on the y-axis.
186C and M were then calculated from the following equations.
G = A " 1 (Ey.£x.2 - D-Dc.y,)
M = A ”1 - Z X E y J
where A  = ^Ek-2 “ (XX-)'
reaction, using the usual second order rate equation
i l £— ’ 2. i'
2 /v* \2
n is the number of points on the line, and (x.,y.) the coordinates
IL 3*ijldof the i point.
Several runs were carried out, until the variation in the 
values of k was sufficiently low. The results of a typical run 
are given on the following pages.
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Et Sn 4 + Hg( OAc) 2 in MeOH ,at 30 °C
Run 1 Acid = 0.05 3cm
Calibration values: 301.5 nm 11961.6 0.046
315 nm 10124.0 0.036
Expansion factor: 0.99389
Initial cones at 25 °C a = 0.0008798 b = 0.0C
First wavelength:
Time (a - x) (b - x) let le
0.00 0.000874 0.000224
2.23 0.000848 0.000198 146.5 65.62574.08 0.000832 . 0.000182 248.4 60.8275
6.00, 0.000811 0.000161 396.4 66.0600
8.00 0.000797 0.000147 510.8 63.8476
10.00 0.000783 0.000133 639d 63.9055
12.00 0.000773 0.000123 735.3 61.272414.00 0.000761 0.000111 874.6 62.4750
16.00 0.000751 0.000101 988.8 61.8030
18.00 0.000741 0.000091 1133.7 62.9844
20.17 0.000733 0.000083 1263.7 62.661322.00 0.000727 0.000077 1356.2 61.6469
24.07 0.000719 0.000069 1513.5 62.8890
26.00 0.000713 0.000063 1645.8 63.3018
28.00 0.000708 0.000058 1762.4 62.9438
29.98 0.000703 0.000053 1879.3 62.678334.02 0.000694 0.000044 2149.3 63.1820
Second wavelengths
Time (a - x) (t> - x) let k
0.00 0.000874 0.000224
2.23 0.000848 0.000198 146..2 65.4612
4.08 0.000833 0.000183 241.4 59.13426.00 0.000812 0.000162 387.2 64.52778.00 0.000798 0.000148 501.5 62.6820
10.00 0.000784 0.000134 624.9 62.491912.00 0.000774 0.000124 722.6 60.214414.00 0.000761 0.000111 869.6 62.115316.00 0.000752 0.000102 985.7 61.608218.00 0.000742 0.000092 1121.8 62.3229
20.17 0.000734 0.000084 1243.0 61.6368
22.00 0.000729 0.000079 1334.0 60.6342
24.07 0.000721 0.000071 1479.4 61.468126.00 0.000713 • 0.000063 1632.8 62.798828.00 0.000708 0.000058 ■ 1746.3 62.366829.98 0.000704 0.000054 1870.6 62.3886
32.07 0.000698 0.000048 2022.4 63.0676
34.02 0.000695 0.000045 2113.1 62.1181
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For each wavelength, values of kt were plotted against values of . 
t, to give graphs as shown below. These values of kt and t 
were then fed into program C05P, to give the following results.
Wavelength Slope Intercept
301.5 nm 62.9394 -1.3224
315 nm 62.3874 -5.1011
The averaged value of the slope was taken as the final value of k« 
Plot of kt against t at 301.5 nm
t/min  --- >
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1b Reaction between tetra-n~propyltin and mercury(ll) acetate in 
solvent methanol at 50 °Q
The procedure followed was as for the reaction with 
■ tetraethyltin (see page 221), with the following differences.
The aliquots were taken every ten minutes, and the reaction 
mixtures always contained the same amount of acetic acid (0.1 cm3 
glacial acid per 100 cm3 solution).
1c Reaction between totra-n-butyltin and mercury(ll) acetate in 
solvent methanol at 50 °Q
The procedure followed was as for the reaction with 
tetraethyltin (see page 221), with the following differences.
The aliquots were taken at ten minute intervals, and the amount
3of glacial acetic acid in the reaction mixture was always 0.1 cm
3. per 100 cm solution.
A few runs were carried out in the presence of 'tetra-n-butyl- 
ammonium perchlorate (Bu11 RClO , 0.01 mol dm”3). For these runs,
t * r32 cm aliquots were removed at five minute intervals and analysed 
as usual.
1d Reaction between tetraisobutvltin and mercury(ll) acetate in 
solvent methanol at 50 °0
The procedure followed was as for the reaction with 
tetraethyltin (see page 221 ), with the following differences. 
Aliquots were removed hourly, and the amount of glacial acetic
3acid present in the reaction mixture was always 0.1 cm per 100 cm 
solution.
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Reaction between tetraisopropyltin and mercurv(ll) acetate in 
solvent methanol at 30 °C
3The reactants were weighed out into 50 cm graduated flasks 
which had previously been flushed out with nitrogen. The flasks 
were then transferred to a nitrogen tent with an ambient 
temperature of 30 °C. The contents of the flasks were dissolved 
and made up to th© mark with methanol through which nitrogen had 
been bubbling for about half an hour. Pour reactant solutions 
were made up, two of tetraisopropyltin, one of mercury(ll)
7 *2*
o,cetate with 0.1 cm"3 glacial acetic acid per 50 cm solution, 
and one of mercury(ll) acetate with no added acid.
The complete contents of the appropriate flasks were then 
poured into reaction vessels to give two reaction mixtures, one 
with acetic acid (0.1 cm3 per 100 cm3 solution) and one without. 
The two stoppered reaction vessels were then removed from the 
nitrogen tent, and 1 cnr aliquots were sealed up in 5 cm glass 
ampoules, which had all been previously cleaned and flushed out 
with nitrogen. The ampoules’,(about fifty for each of the two’ 
runs) were suspended in bottles in an oil bath at 30 °C. Every 
three or four days, one ampoule from each run was removed, opened, 
and the contents analysed in the manner described for the tetra- 
ethyltin reaction (see page 221 ), except that a quenching 
dilution of 1 cm up to 500 cm was used instead of 2 cm up to
310 cm , because of the higher concentrations of the reactants.
The runs were followed for several months, to give about 
40.to 50$ reaction in both cases. The points on the kt against t 
graphs were rather scattered, but for each run a least squares 
analysis was carried out on the most linear set of points, to
1f Reaction between tetraneopent.vltin and mercury(ll) acetate in­
solvent methanol at 30
3Tetraneopentyltin was weighed out into a 50 cm graduated 
3flask, and about 40 cm methanol added. The solid dissolved on
shaking, and the flask and contents were then put in an oil bath
at 30 °C. Glacial acetic acid (0.05 cu/) and a calculated weight
of mercury(ll) acetate were then added* The flask was•shaken to
3effect dissolution, and then the volume made up to 50 cm
-with more solvent at the run temperature.
31 cm aliquots of the reaction mixture were removed and 
3sealed up in 5 cm glass ampoules which had been previously
cleaned and flushed out with nitrogen. The ampoules were
suspended in a bottle in the oil bath at 30 °G.
Once a day an ampoule was removed, opened, and the contents
3analysed as described on page 221, except that the 1 cnr aliquot
3was diluted to 50 cm with the quench solution. The run was 
followed for sixteen days, to give about 60$ reaction. A least 
squares■analysis was used on all the points on the kt against t 
graph, to give the best value of k.
1g Reaction between tetrarnethyltin and mercurv(ll) acetate in
solvent methanol at 30 °G
Very dilute solutions of the two reactants were made up by
successive dilution, at 30 °G, and then thermostatted at 30 °C,
3Hypodermic syringes were used to introduce 1 cm volumes of
228
give the value of k.
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10 cm2 conical flaslc). The usual concentration of acetic acid
3 3was present, equivalent to 0.1 cm glacial acid per 100 cm reaction
mixture. The contents of the reaction vessel were quickly mixed
by swirling, and then quench solution (2 cm3) added, again with a
syringe, at a predetermined time interval. The reaction times for
a typical series of these 'one-point1 runs varied from 2 seconds
to about a minute, about twenty-five runs being followed in each
series.
The quenched solutions were then analysed in the manner 
described for the tetraethyltin reaction (see page 221 ), except 
that the expansion factor used in program C05A was unity.. On 
plotting values of kt against values of t, there was in general 
quite a scatter of points, but for one series of runs, an 
acceptable straight line was obtained, and the value, of k was 
calculated from this.
each reactant so lu tion  simultaneously in to  a reaction vessel (a
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2 Results of the kinetic studies on the reactions between.Tetra- 
alkyltins and mercurv(ll) acetate in solvent methanol at 30 °G
The following tables give, for each run, details of initial
concentration of tetra-alkyltin, a, initial concentration of
mercury(ll) acetate,' b, and the value of the second order rate.
coefficient obtained, k* For all the reactions, except where
otherwise stated, acetic acid was present at a concentration of 
*2*
0.1 cm glacial acid per 100 cm reaction mixture. For those
cases in which ’one-point* determinations were made, the detailed
results are given.
The final values of k were calculated as follows, where n
is the number of runs considered, k. is the value of the ratex
coefficient from the i run, and k is the final (mean) value of 
the rate coeffioient.
-x-
mean value of k = k
n
standard
deviation = or
n
variance 100 cf $•
* In tables 2a to 2d, initial concentrations are those at 25 °C, 
an appropriate expansion factor being used in program C05A to 
correct these to concentration at 30 °C. In tables 2e to 2g, 
the initial concentrations are those at 30 °C, the expansion 
factor of unity being used in the program.
Et^Sn + Hg(OAc)2 in  MeOH at 30 °C
Run no. a/mol dm"3 b/mol dm"3 k/dm3 mol"1
.1 8.80 x 10"4 2.26 x 10"4 62.66
2 8.80 x 10"4 2.23 x 10 7 62.41
3 8,80 x 10”4 2.32 x 10"7 60.93
4 9.48 x 10". 2.28 x 10 7 60.89
5 9.48 x 10"4 2.22 x 10"4 59.89
min AoOH
0.05 
0.1 
0.2 
' 0.1 
0.3
k = 61,36 dm3 mol"”' min”"' (v = 1.7 ol )
3concentration of acetic acid is given in cm glacial acid per
3100 cm reaction mixture
Pr^Sn + Hg(0Ac)2 in MeOH at 30 °G
Run no. a/mol dm”-3 b/mol dm"
1
2
9.11 x
9.11 x
10"
10“
-4
-4 1.901.85
X
X
10"'
10“'
3 9.11 x 10'-4A 1.79 X 10 '
4 9.11 x 10"-4 1.82 X 10"'
K
i
ii ro >50 dm3 mol . -1m m
k/dm3 mol"1 min"1
12.70 
12.31 
12.38 
12.61
(v = 1,5 $ )
Bun4Sn + Hg(0Ac)2 in MeOH at 30 °G
Run no. a/mol dm 3 b/mol dm"3 k/dm3 mol"1 min
1 . 9.10 x 10"4 1.98 x 10"4 10.19
2 9.10 x 10"7 2.02 x 10"; 10.55
3 9.10 x 10"7 2.29 x 10"4 10.10
4 9.10 x 10"4 2.37 x 10"4 10.74
S = 10.39 dm3 mol"1 min"1 (v = 2.5 $ )
Run with added Bun NC10 (0.01 mol dm"3)
a = 9.10 x 10”4 mol dm"3 h = 2.05 x 10"4 mol dm"3
The reaction rate increased, but no value of k was obtained, 
because the kt against t graph was not a straight line.
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Run no. a/mol dm”3 b/mol dm”3 k/dm3 mol””* min””*
1 3o05 x 10~4 1.95 x 1C”4 2.667
2 3.05 x 10"; 1.95 x 10”T 2.740
3 3.05 x 10”; 2.18 X 10”; 2.517
4 3.05 x 10”; . 2.18 x 10"; 2.618
5 3.05 x 10”; 2.18 x 10 “I" 2.629
6 3.05 x 10”; 2.07 x lO” 1- 2.780
7 3.05 x 10”; 2.07 x 10 ; 2.809
8 3.05 X 10”; 2.07 X 10"; 2.742
9 . 3.06 X 10”; 2.08 X 10”; 2.356
10 3.06 x 10 2.08.x 10" h 2.395
5 = 2.625 dm3 mol”'* min”"* (v = 5.7 / )
2d Bu1 Sn + Hg(0Ac)2 in  MeOH at 30 °C
2e Prl4Sn + Hg(0Ac)2 in MeOH at 30 °0
Run no. 1 with no added acetic acid
a = 3.81 x 10“2 mol dm”3 b = 1.98 x 10”2 mol dm”3
Wavelength 301.5 nm Wavelength 315 nm*Time (a - x) (b - x) kt (a - x) (b - x) kt
17100 0.03593 0.01766 3.1227 0.03619 0.01791 2.7178
29560 . 0.03573 0.01745 3.4529 0.03605 0.01777 2.9463
47310 0.03506 0.01678 4.5504 0.03526 0.01698 4.2142
60240 0.03207 0.01379 10.4104 0.03232 0.01404 9.8621
67740 0.03161 0.01334 11.4686 0.03271 0.01443 9.0135
77520 0.03298 0.01471 8.4374 0.03320 0.01492 7.9985
83370 0.03161 '0.01334 11.4686 0.03207 0.01379 10.4100
91920 0.03143 0.01315 11.9165 0.03165 0.01338 11.3740
102120 0.03124 0.01296 12.3735 0.03099 0.01271 12.9964
107910 0.03028 0.01201 14.8635 0.03045 0.01217 14.4093
113430 0.02966 0.01138 16.6420 0.03001 0.01173 15.6321
119160 0.02887 0.01059 19.0981 0.02903 0.01075 18.5937
130740 0.02916 0.01088 18.1648 0.02952 0.01124 17.0683
138000 0.02929 0.01101 17.7752 0.02932 0.01104 '17.6673
142500 0.02837' 0.01009 
k = 1.418 x 10”4
20.7823 
dm3 mol”"*
0.02854
. -1m m
0.01026 20.2177
variance amongst the points 2.7 $ 
Time measured in minutes, 1 week = 10080 minutes
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3 3Run no. 2 with 0.1 cm AcOH per 100 cm reaction mixture
a - 3.75 x 10 2 mol dm  ^ b = 1.94 x 10~2 mol dm""''5
Wavelength 301.5 nm Wavelength 315 nmATime (a - x) (b - x) kt (a - x) (b - x) kt
6945 0.03711 0.01906 0.5444 0.03753 0.01949 -0.0366
12960 0.03715 0.01911 0.4858 0.03733 0.01929 0.2340
23100 0.03594 0.01790 2.2680 0.03620 0.01816 1*8747
29560 0.03607 0.01803 2.0754 0.03635 0.01831 1.6521
47310 0.03520 0.01716 3*4674 0.03546 0.01742 3*0298
57420 0.03441 0.01637 4.8209 0.03458 0.01654 4.5158
60240 0.03395 0.01591 5.6494 0.03419 0.01615 5*2145
72030 0.03445 0.01641 4.7472 0.03438 0.01635 4.8620
83370 0.03225 0.01421 9.0725 0.03252 0.01448 8.4871
91920 0.03256 0.01452 8.4031 0.03240 0.01436 8.7493
102120 0.03395 0.01591 5.6494 0.03404 0.01600 5.4830
11 3430 0.03212 0.01408 9.3463 0.03257 0.01453 8.3831
119160 0.03179 0.01375 10.0936 0.03198 0.01394 9.6656
138000 0.03179 0.01375 10.0936 0.03198 0.01394 9.6656
142500 0.03274 0.01471 8.0113 0.03272 0.01468 8.0742
149700 0.03067 0.01263 12.8193 0.03095 0.01291 12.1078
161010 0.03179 0.01375 10.0936 0.03198 0.01394 9.6656
168240 0.02850 0.01047 19.1696 0.02894 0.01090 17.7754
172860 0.03167 0.01363 10.3806 0.03183 0.01379 9.9984
181050 0.02930 • 0.01126 16.6541 0.02962 0.01158 15.6864
194010 0.03017 0.01213 14*1433 0.03041 0.01237 13.5006
214050 0.02909 0.01105 17.2920 0.02933 0.01129 16.5601
222660 0.02826 0.01022 20.0186 0.02835 0.01031 19.7158
* Time measured in minutes, 1 week = 10080 minutes
k = 8.076 x 10"5 3 -1 dm mol . -1m m
variance amongst the points 3.9 $
2-34
2f Pene0 Sn + Hg(OAc)_ in MeOH at 30 °C
-3a = 4.19 x 10 mol dm
Wavelength 301.5 nm
b = 2.89 x 10"3 mol dm"3
Time (a - x) (b - x)
330 
1140 
1605 
2610 
4065 
4410 
5460 
6180 
6960 
8715 
9780 
11310 
13050 
14295 
15540 
16980 
18450 
20475 
22785
0.004114
0.003989
0.003884
0.003822
0.003583
0.003567
0.003491
0.003416
0.003408
0.003216
0.003136
0.003057
0.002923
0.002890
0.002835
0.002752
0.002735
0.002609
0.002518
0.002894 
0.002692 
0.002587 
0.002525 
0.002286 
0.002270 
0.002194 
0.002119 
0.002111 
0.001919 
0.001839 
0.001760 
0.001626 
0.001593 
0.001538 
0.001455 
0.001438 
0.001312 
0.001221
kt
6.4646
17.7045
27.7635
34.1305
60.9257
62.9786
72.5317
82.6336
83.7920
112.6524
125.9655
140.2230
166, 
173. 
185. 
205. 
210, 
244. 
272,
Wavelength 315 nm 
(a - x) (b - x)
6752
8254
9547
9631
1773
3427
6873
0.004132
0.004033
0.003929
0.003836
0.003638
0.003589
0.003539
0.003440
0.003440
0.003253
0.003193
0.003095
0.002946
0.002937
0.002877
0.002798
0.002779
0.002630
0.002551
0.002835
0.002736
0.002632
0.002538
0.002341
0.002292
0.002242
0.002143
0.002143
0.001956
0.001896
0.001798
0.001649
0.001640
0.001580
0.001501
0.001482
0.001333
0.001254
kt
4.9628
13.6509
23.3587
32.7091
54.4028
60.3043
66.4179
79.3299
79.3299 
106.7290 
116.2769 
133.2931 
161.7840 
163.8258 
176.4908 
194.5685 
199.3185 
238.3038 
261.8866
* Time measured in minutes, 1 day = 1440 minutes
k = 1.14 x 10"2 dm3 mol"1 min"1
variance amongst the points 0.8 $
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Me. Sn 4 + Hg(0Ac)2 in MeOH at 30 °c
= 1.4 x 10”4 mol dm”3 b s= 4.0 x 10“*5 mol dn
Wavelength 315 nm
Time (a - x) (b - x) kt
2 0.0001379 0.0000379 382.5
4 0.0001340 0.0000340 1191.8
6 0.0001344 0.0000344 1105.7
8 0.0001300 0.0000300 2128.7
10 0.0001281 0.0000281 2656.1
12 0.0001259 0.0000259 3291.2
14 0.0001241 0.0000241 3860.7
16 0.0001221 0.0000221 4555.5
18 0.0001223 0.0000223 4482.8
.20 0.0001207 0.0000207 5087.0
25 0.0001184 0.0000184 6102.3
30 0.0001156 0.0000156 7497.4
35 0.0001138 0.0000138 8552.0
40 0.0001119 0.0000119 9918.4
45 0.0001115 0.0000115 10222.0
50 ■ 0.0001097 0.0000097 11747.5
* Time measured in seconds
£ = 1.4 x 104 dm3 mol”1 min”1
variance amongst the points 1.3/
2h Summary of the rate data obtained for the reactions between 
faSn and HgfOAcfa in methanol at 50 °0
Rs Me Et Pr11 Bu11 Bu1 Pe1160 Pr1
k 14000 61.36 12.50 10.39 2.625 1.14 x 10“2 .8.076 x 10~5
krel 100 0.438 0.089 3 0.0742 0.0187 8.14 x 10“5 5.77 x 10~7
3 -1 “1k expressed in dm mol min
fa©! ane values of k relative to klMe^Sn) = 100
3 The reactions between tetra-alkyltins and mercury(li) acetate in 
solvent tertiary butanol at 50 °C
3a Reaction between tetramethvTtin and raercury(ll) acetate in 
solvent tertiary butanol at 50 °C
Stock solutions of the two reactants were made up at 30 °C, 
and solutions for the kinetic runs prepared from these by 
dilution, also at 30 °C, since this solvent freezes at about 25 °C*
The mercury(ll) acetate solution contained glacial acetic acid,
3 3to give a concentration equivalent to 0.1 era acid per 100 cm
of the final reaction mixture.
3To start the run, equal volumes, usually 5 or 10 cm , of the 
two solutions were added together in a reaction vessel, which 
had also been thermostatted at 30 °C, and the stopwatch started 
when half of the second reactant had been discharged from the
pipette. The temperature of the oil bath was correct to within
o 30.01 C. The reaction solution was mixed thoroughly, and 0.25 cm
aliquots removed every minute, using a previously calibrated
3pipette. The pipette was calibrated by making a mark on a 0.2 cm 
- pipette, and filling the pipette to this mark with ethylene 
glycol at 30 °G. The density of ethylene glycol at 30 °C had 
been determined previously. The delivered volume of ethylene 
glycol was weighed, and the process repeated, adjusting the mark
on the pipette, until the weight of the delivery was equivalent
3 ' 3to 0.25 cm . Each aliquot was run into a 5 cm graduated flask
containing quench solution, and then the contents of the flask
made up to the mark with more quench solution. The quench time
was taken as the time when half the aliquot had been delivered.
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About twelve aliquots were removed during the course of a 
run, and these were then analysed, spectrophotometrically, as 
described for the reaotion between tetraethyltin and mercury(ll) 
acetate in methanol (see page 222), measuring the optical density 
of the solutions at 302 nm and 315 nm.
Calibration values, relating optical density measurements 
to the concentration of mercury(ll) had been determined previously,1^ 8 
and were as follows.
concentration Hg(ll) = °pt. density at 502 nm - 0.055
in mol dm-3 11846.8
opt. density at 315 nm - 0.049
9987.8
Values of the rate constant k were then calculated exactly as 
described on page 222« Runs were followed to at least 60$ reaction.
3b Reaction between tetraethyltin and mercury(ll) acetate in
solvent tertiary butanol at 30 °C
The procedure followed was as described for the reaction
3with tetramethyltin, see page 236, except that 0.25 cur aliquots
were removed from the reaction solutions at fifteen minute
3intervals and diluted by the quench solution to 25 cm .
A few runs were done in the presence of tetra-n-butyl-
ammonium perchlorate (Bun’JTC10 , 0.006 mol dm"3).4 4
3c Reaction between tetra-n-uro-pvltin and mercury(ll) acetate in 
solvent tertiary butanol at 30 °C
The procedure followed was as described for the reaction of
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tetramethyltin,'see page 236 f except that 0.25 cm3 aliquots were
•3removed every ten minutes, and diluted to 25 cm by the quench 
solution*
3d Reaction between tetra-n-butyltin and mercury(ll) acetate in 
solvent tertiary butanol at 30 °C
The procedure was exactly as.described for the reaction of
•3
tetramethyltin, see page 236 , except that 0.25 cm aliquots were
•xremoved at intervals of fifteen minutes and diluted to 25 cnr 
by the quench solution.
3e Reaction between tetraisobutyltin and mercury(II) acetate in
osolvent tertiary butanol at 30 0
The procedure was as described for the reaction of tetra-
•3methyltin, see page 236, except that 0.25 cur aliquots were
•3removed approximately every half hour, and diluted to 25 cm 
with the quench solution.
3Y Reaction between tetraisopropyltin and mercury(ll) acetate in 
solvent tertiary butanol at 30 °C
The reactants were weighed out into graduated flasks which 
had been flushed out previously with nitrogen. The flasks were 
then transferred to a nitrogen tent with an ambient temperature
of 30 °C, and their contents dissolved in tertiary butanol, which
I
had previously been distilled under nitrogen. The solution of 
tetraisopropyltin was prepared in much greater concentration 
than was actually required for the kinetic run. Two solutions of
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mercury(ll) acetate were prepared, one containing enough glacial 
acetic acid to give a.concentration in the final reaction mixture 
of 0.1. cm acid per 100 cm solution.
Concentrated tetraisopropyltin solution (10 cn/) was then 
added to each of the mercury(ll) acetate solutions to start the 
reactions, and both reaction mixtures then made up to the mark 
with solvent. The two reaction mixtures were then stoppered,
3shaken well, and removed from the nitrogen tent, and Then 1 cm
3aliquots were sealed up in 5 cm glass ampoules which had been 
previously cleaned and flushed out with nitrogen.
The ampoules (about fifty for each run) were suspended in
bottles in an oil bath at 30 °C. Every three to four days, one 
ampoule from each run was removed, opened and diluted 100 times 
with quench solution. The mercury(ll) concentration was then 
determined as described for the tetramethyltin reaction, on 
page 236 . The runs were followed for five to six months, to give 
about 50 - 60$ reaction in both cases.
For each run a least squares analysis was used on the most 
linear set of points on the kt against t graph, to give the best
straight line and hence the value of k.
3g Reaction between tetraneonentvltin and mercury(II) acetate in 
solvent tertiary butanol at 30 °Q
3Tetraneopentyltin was weighed out into a 50 cnr graduated
3flask, and about 40 cm tertiary butanol added. The solid 
dissolved on shaking, and the flask was then thermostatted at 
30 °C. Glacial acetic acid (0.1 cnr5), plus a weighed .amount of
mercury(ll) acetate were then added, the flask shaken, and more
solvent, at 30 °C added to bring the contents of the flask up to
50 cm o 1 cm aliquots of the reaction mixture were removed and 
3sealed up in 5 cm glass ampoules which had been previously cleaned 
and flushed out with nitrogen. The ampoules were suspended in a 
bottle in the oil bath at 30 °G0 Once a day, one ampoule was 
removed, opened, and the contents analysed as described on 
page 236 , except that a quenching dilution of 1 cm3 up to 250 cm3 
was used.
The run was followed for thirty-five days, to give about 
55$ reaction, and a least squares analysis was used to calculate 
the valUe of k from the kt and t values.
4 Results of the k in e t ic  studies on the reactions between tetra-
alkyltins and mercury(ll) acetate in solvent tertiary butanol 
at 30 °C
The following tables give details, for each kinetic run, of 
initial concentration of tetra-alkyltin, a, initial concentration 
of mercury(ll) acetate, b, and the value of the second order rate 
coefficient obtained, k. Acetic acid was present in all runs, 
except where otherwise stated, at a concentration equivalent to 
0.1 cm glacial acid per 100 cm reaction mixture. For those' 
cases in which 'one-point* determinations were made, the detailed 
results are given.
The mean values of k, and the variances, were calculated as 
described on page 230 „
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4a Me. Sn 4 Hg(OAc) in Bu^OH at 30 G
Run no,
1
2
3
. 4
5
6 
7
a/mol dm”3 
-47.76 x
9.57 x
9.57 x 
17 x 
17 x 
17 x 
17 x
10
10
10'
10'
10'
10
10'
b/mol dm 
3.70 x 10"
-3
-4
3
fa
-3
3
71
71
x 10
x 10
3 
3
3.35 x 10
3.35 x 10'
3.35 x 
3.34 x
-4
-4
10
10-4
k/dm3 mol”1 min"
55.65
52.41
55.94
52.54
53.15
55.25
55.84
4b
k = 54.40 dm3 mol”1 . -1m m (v = 2.7 / )
Et .Sn 4 + Hg(OAc) 2 in Bu^OH at 30 °G
Run no. a/raol dm”-3 b/mol dm”3 k/dm2 mol”1 min”
1 1.85 X 10"-2O 7.51 X
-310 2 0.457
2 1.69 X 10“mdO 5.14 X 10”2 0.506
3 1.69 X 10" 5.14 X 10“3 0.485
4
5
1
1
.69
.73
X
X
10"
10"-2O
5.14
4.94
X
X
10"2
10”3
0.544
0.555
6 1.67 X 10“ 4.68 X 10” 3 0.470
lc = 0.503 dm mol min-1
Runs with, added Bun,NCl0
7
8
9
10
1.61 
1.61
1.74
1.74
x- 10 
x 10 
x 10' 
x 10'
4
-2
2
-2
2
(v =
(0.006 mol dm”3)
5.60 x 10'
5.60 x 10
4.15 x 10'
4.15 x 10
-3
-3
-3
~3
D <*£ 2 /O
0.466
0.483
0.535
0.551
k =s 0.509 dm mol min-1 (v = 6.9 /
k with added salt
k with no salt
0.509
0.503
1.012
4c Pr
Run no.
1
2
3
4
5
n Sn + Hg(OAc) in Bu^OH
a/mol dm
2.89 x 10'
2.83 x 10
2.83 x 10 
10 
10
-3
2.55 x 
2.55. x
3
'-2
'-2
-2
b/mol dm”3 
3 
-37.77 x
7.77 x
10
10,-3
6.58 x 10
6.58 x 10
,-3
-3
k = 0.1137 dm3 mol”1 min”1
at 30 C
/ 3 -1 -1k/dm mol min
0.1113
0.1063
0.1174
0.1220
0.1117
(v = 4.8 / )
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4d Bu11 On
4 + Hg(OAc) in  BubOH at 30 °G
m no. a/mol dm 3 b/mol dm"
1 2.54 x 10J 5.65 x. 10 ;
2 2.54 x 10" 5.65 x 10"
3' 2.15 x 10 ; 5.07 x 10",
4 2.15 x 10"; 5.07 x 10";
5 2.15 x 10 ; 5.07 x 10";
6 2.15 x 10' ; 5.07 x 10";
7 2.15 x 10 ; 5.07 x 10"
8 2.15 x 10"^ 5.07 x 10"
k = 0.1026 dm3 mol"1 min"
k/dm3 mol 1 min 1
0.1014 
0.1019 
0.1012 
0.1039 
0.1024 
0.1038 
0.1028 
. 0.1032
(v = 1 fo )
4e Bu1 Sn + Hg(0Ac)o in BuYh at 30 °C4 2
Run no. a/mol dm 3 b/mol dm"3 k/dm3 mol"1 min"1
1 3.57 x 10~2 5.24 x 10"3 0.0372
2 3.57 x 10 p 5.22 x 10"7 0.0374
3 2.33 x 10 j 4.95 x 10"7 0.0388
4 . 2.33 x 10” 4.98 x 10" 7 0.0388
k s= 0.0380 dm3 mol 1 min 1 (v = 4.0 $ )
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4f Pr1 Sn + 5g(0Ac)2 in Bu^OH at 30 °G
Run no. 1 with no added acetic acid
a = 8.11 x IQ"5 mol dm"'’ b = 3.0 x 10~^ mol dm”"'’
Wavelength 302 nm Wavelength 315 nm
-x-Tim© (a - x) (b -  x) kt (a -  x) (b - x) kt
2910 0.007679 0.002566 19*8052 0.007566 0.002453 25.7194
8460 .0.007518 0.002406 28.2999 0.007486 0.002373 30.1308
18480 0.007240 0.002127 44c9849 0.007195 0.002082 47.9219
37230 0.007324 0.002212 39*6407 0.007285 0.002173 42.0711
47310 0.006928 0.001815 67.4178 0.006845 0.001732 74*1930
50130 O0OO664I 0.001528 92.8111 0.006554 0.001442 101.6014
57600 0.006556 0.001443 101.4249 0.006454 0.001342 112.6679
61890 0.006759 0.001646 81.6893 0.006705 0.001592 86.6513
67440 0.006565 0.001452 100.5361 0.006494 0.001382 108.1247
73290 0.006480 0.001367 109.7202 0.006394 0.001282 119*7987
79320 0.006683 0.001570 88.7205 0.006554 0.001442 101.6014
81810 0.006978 0.001865 63*4590 0.006925 0.001812 67.6268
92010 0.006269 0.001156 136*0286 0.006194 0.001081 146.8060
97800 0.006522 0.001410 105*0446 0.006414 0.001302 117.3779
103290 0.006438 0.001325 114.5740 0.006374 0.001261 122.2655
109050 0.006725 0.001612 84.7636 0.006695 0.001582 87.5930
127860 0.006438 0.001325 114*5740 0.006344 0.001231 126.0549
132360 0.006531 0.001418 104.1298 0.006514 0.001402 105*9126
139560 0.006269 0.001156 136.0286 0.006209 0.001096 144*5819
150900 0.006104 Oo000988 161.5546 0.006014 0.000901 176.6909
158160 0.006244 0.001131 139.5675 0.006184 0.001071 148.3091
162750 0.006126 0.001013 157*4130 0.006044 0.000931 171.2520
170940 0.006370 0.001258 122.7408 0.006294 0*001181 132.6223
184080 0.006126 0.001013 157.4130 0.006074 0.000961 166.0119
191460 0.006151 0.001038 153*3902 0.006024 0.000911 174*8550
204150 0.006210 0.001097 144.4343 0.006174 0.001061 149*8287
212730 0.006202 0.001089 145.6786 0.006144 0.001031 154*4902
* Time measured in minutes, 1 week = 10080 minutes
k = 6.099 x 10”"4 dm'’ mol””1 . -1m m
variance amongst the points 5.4 $
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*z. rz
Run no, 2 with 0.1 cm AcOH per 100 cm reaction mixture
a = 8.11 x 10~3 -3 mol dm b = 3.0 x 10~3 mol dm 3
Wavelength 302 nm Wavelength 315 nm
•ftTime (a ~ x) (b - x) kt (a - x) (b ~ x) kt
2910 0.007721 0.002608 17,6866 0.007666 0.002553 -20.4661
8460 0.007561 0.002448 25,9931 0.007496 0.002383 29,5687
18480 0.007687 0.002574 19,3778' 0.007676 0.002563 19,9559
37230 0.006987 0.001874 62.8124 0.007055 0.001942 57.7026
47310 0.007248 0.002136 44,4382 0.007215 0.002103 46.5938
50130 0,006717 0.001604 85,5446 0.006645 0.001532 92.4145
57600 0.006641 0.001528 92.8111 0.006575 0.001462 99.5002
67440 0.007139 0.002026 51,7719 0.007065 0.001952 56.9744
73290 0.007333 0.002220 39,1209 0.007285 0.002173 42.0711
79320 0.006666 0.001553 90.3403 0.006524 0.001412 104,8208
81810 0.007071 0.001958 56.5437 0.007015 0.001902 60.6641
92010 0,007088 0.001975 55,3312 0.006995 0.001882 62.1747
97800 0.006354 0.001241 124,8649 0,006214 0.001101 143,8484
103290 0.006674 0.001562 89,5277 0.006625 0,001512 94.3978
109050 0.006750 0.001638 82.4505 0.006745 0.001632 82.9565
120630' 0.006835 0.001722 75,0505 0.006785 0.001672 79,3727
127860 0.006387 0.001275 120.6506 0.006304 0.001191 131,2826
132360 0.006522 0.001410 105,0446 0.006484 0.001372. 109,2454
139560 0.006396 0.001283 119,6179 0.006289 0.001176 133,2972
150900 0.006278 0.001165 134,8693 0.006184 0.001071 148.3091
158160 0.006446 0.001334 113,5885 0.006364 0.001251 123,5165
162750 0.006261 0.001148 137,1979 0.006164 0.001051 151,3652
170940 0.006328 0.001215 128.1167 0.006214 0.001101 143,8484
191460 0.006345 0.001232 125,9400 0.006274 0.001161 135,3425
* Time measured in minutes, 1 week =s 10080 minutes
£ = 6.616 x 10"4 3 -  dm mol 1 . -I min
variance amongst the points 5.9 $
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4g Pene°4Sn + Hg(0Ac)2 in BtAoH at 30 °G
a a= 1.97 x 10~2 mol dm”  ^ b = 1.22 x 10~2 mol dm’"'* .
Wavelength 302 nm Wavelength 315 nm
Time (a - x) (b - x) kt (a - x) (b - x) kt
3990 0.01821 0.01066 7.1359 0.01834 0.01079 6.4659
6900 0.01797 0.01042 8.3533 0.01796 0.01041 8.4177
8295 0.01743 0.00988 11.4085 0.01739 0.00984 11.6363
9810 0.01715 0.00960 13.0381 0.01709 0.00954 13.4355
11220 0.01715 0.00960 13.0381 0.01716 0.00961 12.9775
14205 0.01679 0.00924 15.2819 0.01684 0.00929 15.0037
15525 0.01654 0.00899 16.9487 0.01659 0.00904 16.6389
19845 0.01595 0.00840 21.1354 0.01606 0.00851 20.3114
21360 0.01589 0.00834 21.6107 0.01591 0.00836 21 .4252
22770 0.01567 0.00012 23.2350 0.01563 0.00808 23.5486
25680 0.01508 0.00753 28.1473 0.01511 0.00756 27.9231
27255 0.01525 0.00770 26.6862 0.01528 0.00773 26.4152
27315 0.01504 0.00749 28.5203 0.01503 0.00748 28.5855
30030 0.01479 0.00724 30.8260 0.01468 0.00713 31.8133
33165 0.01462 0.00707 32.4311 0.01451 0.00696 33.5171
37395 0.01392 0.00637 39.7022 0.01391 .O.OO636 39.8746
40440 0.01399 0.00644 38.9939 0.01396 0.00641 39.3117
44430 0.01335 0.00580 46.5727 0.01333 0.00578 46.8470
47280 0.01342 0.00587 45.7621 0.01333 0.00578 46.8470
■* Time measured in minutes, 1 day = 1440 minutes.
£■ = 9*38 x 10~4 dm/ mol”*' min~^
variance amongst the points 1.1 $
4h Summary of the rate data obtained for the reactions between 
P^Sn and Hg(0Ac)2 in tertiary butanol at 30 °G
' H i Me Et Pr11 Bu 1 Bu1 Pe1100 Pr1
k 54.40 0.503 0.1137 0.1026 0.0380 9.38 x 10“4 6.62 x 10~4
krel 100 Oo925 0.209 0.189 0.0698 1.72 x 10” 3 1.22 x 10” 3
3 - 1 - 1  k expressed in dm mol min
k _ are values of k relative to k(Me.Sn) = 100 rel 4
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5 The reactions between tetra-alkyltins and mercury(Jl) salts in 
various solvents, mainly at 25, °C
5.1 Solvent Methanol
5.1a Reaction between tetraethyltin and mercury(ll) chloride in 
solvent methanol at 25 °0
Solutions of the two reactants were made up at 25 °C.
Equal volumes (10 cm2) of the two solutions were then pipetted 
into the reaction flask, also at 25 °C, and a stopwatch was 
started when half of the contents of the second pipette had been
delivered. The temperature of the oil bath was correct to within
o 30o01 C. The reaction mixture was shaken thoroughly, and 0.25 cm
aliquots removed with the pipette described on page 236, at
intervals of ten minutes and diluted with the quench solution
to 25 cm3.
About fifteen aliquots were removed during each run, and 
then the optical densities of the quenched solutions were 
measured, as described on page 221, at 301.5 nm and 315 nm. 
Calibration values, which related optical density to the 
concentration of mercury(ll) in the solution were as given on 
page 222. The optical density values were processed as 
described on page 222. In general, very good straight lines 
were obtained on plotting kt values against I values, The runs 
were followed for at least 50/ reaction.
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5,1b Reaction between tetraneopentyltin and mercury(ll) chloride 
in solvent methanol at 40 °G
3Tetraneopentyltin was weighed out into a 50 cm graduated
3• flask, and about 40 cm methanol added, to dissolve the solid.
The flask was thermostatted at 40 °G, and solid mercury(ll)
3chloride added. The contents of the flask were made up to 50 cm
o 3with more methanol at 40 C, and mixed thoroughly, 1 cm aliquots
3of this reaction mixture were sealed up in 5 cm glass ampoules, 
which had been previously cleaned and flushed out with nitrogen.
The ampoules were suspended, in a bottle, in the oil bath 
at 40 °G, correct to within 0,01 °G. An ampoule was removed 
daily, at the start of the run, and about every two to three days 
later on, and the contents analysed as described on page 221 , 
except that the 1 cm aliquot was diluted to 50 cm with quench 
solution.
Although the run was followed for thirty-seven weeks, a 
least squares analysis was carried out only on those points for 
the first twenty weeks (10$ reaction) since after this time the 
points on the kt against t graph were very scattered.
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5.2a Reaction between tetraethyltin and mercurv(ll) chloride in 
solvent ethanol at 25
The procedure followed was as described in part 5.1a, 
page 247, except that the aliquots were removed at intervals of
3an hour, and diluted by the quench solution from 0.25 cm to 
50 .cm3.
5.2b Reaction between tetraethyltin and mercury(ll) iodide in
solvent ethanol at 25 °0
These runs were carried out as described in part 5.1a,
3page 247, except that 0.25 cm aliquots were removed at intervals
3of one hour, and diluted to 50 cm with quench solution. The
optical densities of the quenched solutions were measured at
301.5 nm and 315 nm, and these were then fed into computer
program C05B (see page 296), which takes account of the equilibrium
120,186constant of the reaction, as described in detail before.
The usual method was them used to calculate k from the output 
values of kt.
5.2c Reaction between tetramethyltin and mercury(ll) chloride in 
solvent ethanol at 25 °0
The runs xtfere carried out as described in part 5.1a, 
page 247, aliquots being removed from the reaction mixture at one 
minute intervals.
5.2 Solvent Ethanol
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5*2d Reaction between tetramethyltin and mercury(ll) iodide in
solvent ethanol at 25 °0
These runs were followed as described in part 5.2b, page 249° 
3The 0.25 cm aliquots were removed at one minute intervals and
3diluted to 25 cm with quench solution.
5.2e Reaction between tetraethyltin and meroury(ll) acetate in 
solvent ethanol at 25 °C
These runs were carried out as described in part 5.1a, 
page 2479 with aliquots being removed every two to three minutes.
Various quantities of glacial acetic acid were added (0.05 to 
0.4 cm3 acid per 50 cm3 reaction mixture). Runs with the lower . 
concentrations of added acid gave more consistent results, so 
these were used to calculate the final value of the rate constant.
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5 o3a Reaction between tetramethyltin and raercurv(ll) chloride In 
■ solvent n-propnnol at 25 °C
The runs were followed as described in part 5.1a, page 247? 
with aliquots being removed at one minute intervals. The 
calibrations used to convert from optical density to concentration 
of mercury(ll) were as given on page 237,
' J
5..3b Reaction between tetramethyltin and mercury(ll) iodide in ■
solvent n-propanol at 25 °C
These runs were carried out as described in part 5.2b,
3page 249 9 0,25 cm aliquots being removed at two minute intervals
3and diluted with quench solution to 25 cm . The optical densities 
of the quenched solutions were measured at 302 nm and 315.urn,-and 
the calibrations given on page 237 used.
5.3c Reaction between tetraethyltin and mercury(ll) chloride in 
solvent n-pro-panol at 25 °Q
The runs were carried out as described in part 5«3a above, 
aliquots being taken hourly,
5.3H Reaction between tetraethyltin and mercury(ll) acetate in
solvent n-propanol at 25 °0
The runs were followed as described in part 5.1a, page 247?
using the optical density calibrations given on page 237.
3Acetic acid was added, at a concentration of 0.1 cm glacial acid
3per 50 cm reaction mixture. Aliquots were taken at'two minute
5,3 Solvent n-Propanol
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intervals.
«3e Reaction between tetraethyltin and mercury(ll) iodide in 
solvent n-propanol at 25 °C
The runs were carried out as described in part 5.2b, 
page 249, aliquots being taken hourly, and the optical densities 
of the quenched solutions being measured at 502 nm and 515 nm.. 
The calibration values used were those given on page 257.
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5.4a Reaction between tetramethyltin and mercury/II) chloride in 
solvent n-butanol at 25 °0
The runs were followed as described in part 5.1a, page 247, 
with aliquots being removed at one minute intervals. The optical 
density calibrations used were those given on page 237.
5.4b Reaction between tetraethvltin and mercury(ll) acetate in 
solvent n-butanol at 25 °C
The runs were followed as described in part 5.1a, page 247,
using the optical density calibrations given on page 237 * Glacial
3 3acetic acid was added, to the extent of 0.1 cm acid per 50 cm
reaction mixture. Aliquots were removed at two minute intervals.
5.4c Reaction between tetraethyltin and mercury(ll) chloride in 
solvent n-butanol at 25 °G
The runs were followed as described in part 5.1a, page 247, 
using the optical density calibrations on page 237 * Aliquots 
were removed at hourly intervals.
5.4d Reaction between tetramethyltin and mercury(Ii) iodide in 
solvent n-butanol at 25 °G
The runs were carried out as described in part 5.2b,
3page 249 , 0.25 cm aliquots being removed every three to four
3minutes and diluted to 25 cm with quench solution. The 
optical densities of the quenched solutions were determined at 
302 nm and 315 nm, and the calibrations given on page 237used.
5*4 Solvent n-Butanol
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5„4e Reaction between tetraethyltin and mercurv(ll) iodide in 
solvent n-butanol at 25 °G
The runs were followed as described in part 5.2b, page. 249,
aliquots of the reaction mixture being removed hourly. For some
3 3runs, the 0.25 cm aliquots were diluted to 25 cm with quench,
and in others, the dilution was up to 50 cm . The optical
densities of the quenched solutions were measured at 302 nm and
315 ‘nm, and the calibrations given on page 237 used.
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5.5a Reaction between tetraneooentyltin and mercurv(ll) chloride in 
solvent tertiary butanol at 40 °0
3Tetraneopentyltin was weighed out into a 50 cm graduated 
3flask, and about 40 cm tertiary butanol added to' dissolve the 
solid. The flask was thermostatted at 40 °C, and then solid
mercury(ll) chloride was added. The contents of the flask were
3 omade up to 50 cm with more solvent at 40 C, and then mixed
3thoroughly by shaking. 1 cm aliquots of the reaction mixture
3were sealed up in 5 cm glass ampoules, which had been previously
cleaned and flushed out with nitrogen, and these were suspended
in a bottle in an oil bath at 40 °C, correct to within 0.01 °G.
Ampoules were removed about once a week, and their contents
analysed as described on page 236, except that the aliquot was 
3diluted to 250 cm with quench solution.
The run was followed for thirty-seven weeks (l6/> reaction), 
and k calculated from a least squares treatment on all the points 
on the kt against t graph. The kinetic plot was not very good, 
and the value of the rate coefficient obtained from it should be 
considered as an upper limit only, rather than as a true rate 
coefficient.
5.5 Solvent Te rtia ry  Butanol
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6 Results of the kinetic studies on the reactions between tetra- 
alkyltins and mercury(ll) salts, in various solvents, mainly 
at 25 °C
The following tables give, for each kinetic run, details of, 
initial concentration of tetra-alkyltin, a, initial concentration 
of mercury(ll) salt, b, and the value of the second order rate 
coefficient obtained, k. Por the runs with mercury(ll) acetate,
TZ
0,1 cm glacial acetic acid was added per 50 cm reaction mixture, 
unless otherwise stated,
Por each of the runs with mercury(ii) iodide, the value of the 
equilibrium constant, K, used in the calculations is also given.
For those.cases in which 'one-point* determinations were made, 
the detailed results are given.
The mean values of k, and the variances were calculated as 
described on page 230 ,
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601 a Et Sn 4
Run no,
1
2
3
+ HgCl0 in MeOH at 
b/raol dm
3
25
a/mol dm”3 
r*38.95 x 10
1.38 x 10"
1.38 x 10"
k = 0.2054 bm
4.97 x 10
10 x 10 
10 x 10-3
3 mol"1 m m
;Q 
k/dm3 mol
0.2078 
0.2025 
0.2059
m m
(v = 1 1 $ )
6.1b Pene°4Sn + Hg012 in MeOH at 40 °C
a = 5*15 x 10~3 mol dm”3 b = 3*06 x 10”3 mol dm”3
*Time
1275 
4245 
8475 
11385 
18690 
28860 
39045 
48900 
59190 
70485 
79020 
120945 
200175
Wavelength 301.5 nm
(a - x) (b« - x)
0.005094 0.003010 
0.005027 0.002943 
0.005069 0.002985 
0.005027 0.002943 
0.005027 0.002943 
0.005006 0.002922 
0.004985 0.002901 
0.004985 0.002901 
0.004981 0.002897
0.004901 0.002817
0.004864 0.002780 
0.004943 0.002859 
0.004630 0.002546
kt
Wavelength 315 nm 
(a - x) (b - x)
3.
7,
5,
7.
7,
9
10
10
11
16
19
13
38
,4964
,9377
,1433
,9377
>9377
>3585
>7956
,7956
.0850
.7116
,4650
.7195
.0081
0.005116
0.005082
0.005116
0.005067
0.005067
0.005027
0.005018
0.005013
0.004983
0.004924
0.004919
0.004939
0.004632
0.003032
0.002998
0.003032
0.002983
0.002983
0.002943
0.002934
0.002929
0.002899
0.002840
0.002835
0.002855
0.002548
* Time measured in minutes, 1 week = 10080 minutes 
k = 1.52 x 10”4 dm3 mol”1 min"*^
kt
2.0201
4.2688
2.0201
5.2452
5.2452 
7.8869 
8.5562 
8.8921
10.9269
15.0969
15.4506
14.0416
37.7746
variance amongst the points 6.6 fo
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6.2a
6.2b
6.2c
Run no. a/mol dm”3 b/mol dm”3 k/dm3 mol” 1 min”1
. 1 2.12 x 10”2 1.20 x 10”2 0.0758
2 2.12 x 10“p 1.20 x 10 p 0.0750
5 2.12 x 10 p 1.20 x 10 p 0.0741
4 2.12 x 10 p 1.20 x 10”; 0.0747
5 2.36x10”; 1.27 x 10 p 0.0735
6 2.36 x 10 1.27 x 10 0.0738
k = 0.0745 dm3 mol”1 min”1 (v = 1 / )
Et Sn + HgGfa in  EtOH at 25 C
EfaSn + Hgfa in EtOH at 25 c
Run no. a/mol dm”3 b/mol dm”3 / 3 -1 k/dm mol min
1
- 2
1.97 x 10”2 
■ 1.97 x 10 p
1.26 x 10“p
1.26 x 10 p
0.0583
0.0593
3 ■1.97 x 10 p 1.29 x 10 p 0.0579
4 1.97 x 10 p 1.29 x 10”; 0.0576
5 1.97 x 10 1.28 x 10 0.0575
k = 0.0581 dm3 -1 -1 mol min (v
VP*osv—I!
K
20
20
20
20
20
He Sn + HgCfa in EtOH at 25 °C
-3 / 3 -1 -1dm k/dm mol min
10”3 50.924
10*~2 50.423
10"; 50.930
10”; 51.673
10”; 49.935
10“2 51.211
k = 50.849 dm3 mol“1 min”1 (v = 1.1 / )
Run no. a/mol dm”3 i—io
fa
1 8.31 x 10”3 5.20 x
2 8.31 x 10”; 5.20 x
3 8.31 x 10”; 5.20 x
4 1.07 x 10”; 4.80 x
5 1.07 x 10 p 4.80 x
6 1.07 x 10“^ 4.80 x
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602d Me Sn + Hgl. in EtOH at 25 °G4 2
Run no. a/mol dm 3 b/mol dm 3 k/dm3 m o V 1 min"1 K
1 9.70 x 10~3 4.55 x 10~3
4.55 x 10“7
9.382 20
2 9.70 x io"; 9.457 20
3 1.43 x 10“; 5.25 x 10”; 9.685 20
4 1.43 X .10 ; 5.25 x 10 ; 9.102 20
5 1,06 x 10 ; 5.08 x 10“2 8,966 20
6 1,06 x 10“  ^
k = 9.257 dm3
5.08 x 10"2
-1 -1mol . m m
8.948 
(v » 2.9 $ )
20
Et, Sn + 4 Hg( OAc)2 in EtOH at 25 °C'
Run no,. a/mol dm”3 rHOrQ dm"•3 k/dm3 1- .mol m m AcOH
• 1 1.05 X 10“f 5.86 X 10“•3 13.772 0,05
2 8.42 X 10-3 4.39 X 10“-3 13.643 0.05
3
4
8.90
8.90
X
X
10 i  
10"3
3.49
3.49
X
X
10“
10“
'j
-3
•z
14.377 
14.611
0.05
0*05
5 1 ,05 X 10l3 4.29 X 10“-3 14.762 0.16 8.42 X 10 t 3.46 2 10““J 15.039 0.1
7
8
8.90
8.90
X
X
10”;
10"3
3.81
3.81
X
X
10“
10“
*3
-3 14.21613.900
0.1
0.1
k = 14.>290 dm3 mol 1 . - m m -1 (▼« 3.1 $ )
3* concentration of acetic acid is given in cm glacial acid
3per 50 cur reaction mixture.
V;VV,- .i;= •v*>vvv -V* ; f - V: V, V <”• - _  •. •-.V:A,:A " V "J; A T 4 :  > V
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6.3a Me^Sn + HgCl2 in Prn0H at 25 °C
Run no. a/mol dm”'J b/mol dm”'’ k/dm3 mol””' min”^
1 6.19 x 10~3 4.16 x 10/3 43.129
2 6.19 x 10”/ 4.16 x 10“3 42.361
3 6.59 x 10”/ 3.84 x 10“ 3 41.909
4 6.59 x 10“ 3 3.84 x10”3 ' 42.933
5 4.65 x 10“3 2.95 x 10“3 42.810
6 4.65 x 10“3 2.95 x 10”3 . 41.980 *
k = 42.520 dm3 mol”*' min”*' (v = 1.1 $ )
6.3b Me Sn + Hgl2 in Prn0H at 25 °G
Run no. a/mol dm”3 b/mol dm~■3 . k/dm3 mol”*' min”
4.04 X 10“■3 5.571
4.05 X 10“V,rz 5.625
3.70 X 10“,rz 5.665
3.70 X 10“'J 5.690
3.70 X 10“O'Z 5.647
3.70 X 10“ 5.683
mol”*' . ~ 1m m (V :=  0.7 $ )
K
1 1.07 x 10_J  x 10 3 5.571 20
2 1.07 x 10 p 4.05 x 10“3 5.625 20
3 1.18 x 10 2 3.70 x 10”3 5. 65 5
4 1.18 x 10 p 3.70 x 10”3 5.690 5
5 1.18 x 10 p 3.70 x 10”3 5.647 5
6 1.18 x 10  x 10”3 5.683 5
k = 5.647 dm3
6.3c Et^Sn + HgGl2 in Prn0H at 25 °C
Run no. a/mol dm”3 b/mol dm”3 k/dm3 mol””' min”*'
1 1.84 x 10“2 6.10 x 10“3 0.0589
■2 1.84 x 10 p 6.10 x 10“3 0.0590
3 1.84 x 10 p 6.10 x 10”3 0.0599
4 1.84x10“ 6.10 x 10"3 0.0597
k st 0.0^94 <Ra3 mol”"' min”*' (v = 0.7 $ )
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6.3d ' EfaSn + Hg(0Ac)2 in PrnOH at 25 °C
6.3e Et Sn + Hgl- in PrnOH at 25 °C
Run no. a/mol dm”3 b/mol dm”3 k/dm3 mol”1 min”1 K
1 1.67 x 10”2 1.04 x 10”2 0.0362 ' 10
2 3.69 x 10”; UOO x 10~; 0.0389 10
3 ■ 2.57 x 10”; 1.02 x 10”; 0.0368 10
4 3.53 x 10” 1.00 x 10”; 0.0356 10
5 2.63 x 10 . 1.01 x 10 0.0369 10.
k = 0.0369 dm3 mol”1 min”1 (v = 3 / )
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Me. Sn 4
Run no,
1
2
3
4
5
6
HgCl2
a/mol dm"3 ,
6.14 x 10fe3 
6 o14 x 10~2
6.14 x 10"2
6.14 x 10" 
3^93 x 10"; 
3.93 x 10"2
in BunOH at 25 C
b/mol dm" k/dm mol" - min
4.1 7 x 10'-3
4.17 x 10;
4.14 x 10“
4.14 x 1'0’
3.38 x 10*
3.38 x 10*
,-3
k 3 -131.716 dm mol min
31.177
32.370
31.564
31.049
32.144
31.995
(v = 1.5 $ )
6.4b Et .Sn 4 Hg(OAc)0 in
Run no,
1
2
3
4
5
6 .
a/mol dm’■3
77 x 10 
77 x 10' 
77 x 10' 
77 x 10' 
77 x 10' 
,77 x 10'
-3
3
Bun0H
b/mol dm
at 25 C
-3
70 x 10"3 
,70 x 10"; 
,60 x 10"
,60 x 10"; 
,60 x 10";
,60 x 10~2
k/dm mol min
12.653 
12.726 
586 
802 
808 
997
11
11
11
11
k = 12.095 dm mol min-1 (v - 3.6 i)
6.4c Et Sn + HgClg in BunOH at 25 °C
Run no. ,a/mol dm"2 b/mol dm k/dm mol" min"
1 1.11 x 10"2 5.78 x 10"3 0.0493
2 1.11 x 10”; 5.61 x 10"; 0.0457
3 1.11 x 10 » 5 . 7 0  x 10"; 0.0456
4 1.11 x 10"; 5.59 x 10"; 0.0459
5 1.11 x 10 p 5.62 x 10"; 0,0470
6 1,11 x 10 5.70 x 10“2 0.0492
k. s 0.0471 dm3 mol"1 min"1 (v = 3.3 $ )
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6.4d Me . Sn 4 Hgl,
Run no,
1
2
3
4 ■
5
6 
7
09 x fa 
09 x 10"" 
09 x 10” 
09 x 10" 
09 x 10”
1.09 x 10”
1.09 x 10”
an
a/mol dm 3 
2 
2 
2 
2 
2 
2 
2
BunOH at 25 C
b/mol dm”3
34.50 x
4.50 x
4.50 x
4.50 x
4.50 x
10
10“
10“
10“
10'
4o 1 3 x 10_ 
4.14 x 10"
p
3
3
3
-3
k/dm3 mol ■1 . -1 man
654 
444 
350 
528 
4.278 
4.571 
4.626
K
5
10
15
10
5
5
5
k = 4.493 dm mol ■1 man •1 (v = 2.5 / )
6.4e Et Sn + Hgfa in BunOH at 25 °G
Run no. a/mol dm 3 b/mol dm 3 k/dm3 mol 1 min”1 K
1 1.84 x 10”2 5.92 x 10“3 0.0273 10
2 1.84 x 10”f 5.99 x 10” 2 0.0265 5
' 3 1.84x10”; 5.87x10”; 0.0252 10
4 1.42 x 10”; 6.15 X.10”; 0.0291 5
5 1.42 x 10 6.10 x 10"° 0.0279 5
k = 0.0272 dm3 mol”1 min”1 (v = 4.8 / )
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6.5a pene0 sn 4- HgCl in Bu^OE at 40 °C
a - 1 .97 x 10 2 mol dm 3 b = 1.44 x 10~2 mol dm” 3
Wavelength 302 nm Wavelength 315 am
7?
Time (a - x) (b - x) kt (a - x) (b - x) • kt -
4470 0.01840 0.01310 5.1271 0.01859 0.01329 4»3635
7170 0.01828 0.01298 5.6565 0.01857 0.01327 4.4650
10080 0.01851 0.01321 4.6926 0.01862 0.01332 402624
12990 0.01851 0.01321 4.6926 0.01859 0.01329 4.3635
17385 0.01849 0.01319 4.7791 0.01859 0.01329 4o 3635
27555 0.01853 0.01323 4.6065 0.01864 0.01354 4.1616
37800 0.01836 0.01306 5.3026 0.01857 0.01327 4.4650
47595 0.01834 0.01304 5.3907 0.01834 0.01304 5.3951
57885 0.01815 0.01285 6.1947 0.01831 0.01302 5.4980
69180 0.01824 0.01294 5.8349 0.01834 0.01304 5.5951
77715 0.01853 0.01323 4.6065 0.01864 0.01334 4:1616
90825 0.01807 0.01277 6.5586 0.01814 0.01284 6.2415
119640 0.01807 0.01277 6.5586 0.01819 0.01289 6.0275
149775 0.01821 0.01291 5.9245 0.01829 0.01299 5.6051
249420 0.01779 0.01249 7.7701 0.01781 0.01251 7.6695
289800 0.01769 0.01239 8.2483 0.01766 0.01236 8.3493
329790 0.01760 0.01230 8.6358 0.01779 0.01249 7.7818
370200 0.01745 0.01215 9.3249 0.01761 0.01231 8.5798
* Time measured in minutes, 1 week = 10080 minutes
-5 3 _ik 1.19 x 10 dm mol min
variance amongst the points- 8.3 /
This is the upper limit to the rate coefficient
„6 Summary of the rate data obtained fo r  the reactions
R,Sn + HgX„ in various solvents at 25 °C *~4------------------------ --------------- _ ■ d -
Solvent R.Sn4 Hg( OAc)2 HgCl2 Hgl2
MeOH
Et Sn
Pene°.Sn4
0.2054
* _41.52 x 10 h
EtOH
Me .Sn
Et.Sn4 14.290
50.849
0.0745
9.257
0.0581
Prn0H
Me^Sn
Et.Sn4 13.657
42.520
0.0594
5.647
0.0369
BunOH
Me Sn4
Et Sn 4 12.095
31.716
0.0471
4.493
0.0272
Bu^OH Pene0/1Sn4 ^1.19 x 10~5
All rates express 3ed in dm -1 -1mol min ** rate at 40 °C
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7 The reactions between triethylamine and ethyl iodide in various 
solvents at 25 °C
For runs in all solvents, the same procedure was adopted. 
Solutions of the two reactants were made up in the solvent under 
study, in graduated flasks, and left in an oil bath at 25 °G for 
an hour. The two solutions were then made up to the mark with 
more solvent at 25 °C, and shaken to mix. The temperature of the 
oil bath was correct to within 0.01 °C.
Equimolar concentrations of the two reactant solutions were 
then added together in a reaction vessel (another graduated flask), 
and the stopwatch started when half the contents of the second, 
pipette had been added. The reaction mixture was shaken, and ■ . 
aliquots (generally 1 cm or 2 cm2) removed every few hours, 
except for runs in acetonitrile and in ethyl benzoate, when
*5samples were taken more frequently.. For reaction in water, 5 cm 
aliquots were removed, because of the lower reactant concentrations 
used, owing to the low solubilities of ethyl iodide and triethyl­
amine in this solvent. Each aliquot was added to distilled water 
in a conical flask standing in an ice-bath, to quench the reaction, 
and the solution titrated with standard nitric acid solution 
(usual concentration 0,05 mol dm”3) with methyl red indicator 
(colour change yellow to red). Because the reaction solvent ethyl 
benzoate was rather insoluble in water, these titrations were 
done in an aqueous-alcoholic medium,
.The acid titre gave a measure of the amount of triethylamine
3remaining in the reaction mixture. A 10 cm microburette was used
'Xfor the titrations. This was calibrated to 0.02 cm , and the 
third decimal place in the titre was estimated by eye, using a
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The reaction mixtures were always equimolar in the two 
reactants* so the simplified seoond order kinetic equation was 
used.
kt = 1 _ fe
(a - x) a •
where a is the initial concentration of triethylamine (and of ethyl 
iodide)* the concentration of triethylamine at time t is (a - x), 
and k is the second order rate coefficient of the reaction. A 
value of a was obtained* in each run* from an initial titre at 
t pQ 0. This value of a was always very near to the value obtained 
from the weights of reactants used to make up the solutions, but 
if it did not quite agree* this titrimetric value was used in the 
subsequent calculations. /
Por each run, values of kt were plotted^against values, of t, 
to yield, in general* a very good straight line graph* from whose *
slope the value of k was determined. A number of runs were done
in each solvent* and the values of k obtained usually showed a 
variance of only a few per cent. The calculations of k and k, 
etc. w e re carried out as described on pages 223 and 230.
The runs were followed for 70-100 hours in all cases except 
for runs in solvent ethyl benzoate (10-20 hours) and acetonitrile 
(2 hours). This ensured that all the reactions were monitored 
for at least 15-20$ reaction* and often for up to 30$ reaction.
In some solvents the product precipitated out during the 
course of the reaction* but this did not seem to affect the 
results* the values of k before and after precipitation being the 
same. The results of a typical run are given on the next page.
burette reader.
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Et N + EtI in EtOH at 25 °C.5
Concentration of both reactants = 0,350 mol dm
rX.
- 1 cm aliquots Nitric acid 0,05 mol dm , (a ~ x) = titre x 0,05
-5
Time/h Titre/cm3 (a - x) 1 /(a - x) kt k
' 0 6,940 0.3470 2.8818
3 6,820 0.3410 2.9525 0.0507 0.01692
6 6,783 0.3391 2.9485 0.0667 0.01112
19 6,500 0.3250 5.0769 0.1951 0.01027
23.1 6,404 0.3202 5.1250 0.2412 0.01044
27 6,195 0.3096 . 5^2294 0.3476 0 0 01288
51 6,213 0,3106 5.2190 0.3373 0.01088
45 5,862 0.2951 5.4118 0.5300 0.01178
55 5,639 0.2819 5.5467 0,6649 0.01255
57 5.595 0.2797 5.5749 0.6931 0.01216
70 5.374 0.2687 5.7216 0,8398 0.01200
80 5.173 0.2587 3.8660 0.9842 0.01230
Least squares treatment of all the points on the kt against t
graph given below, gives k = 0.0123 dm3 mol”1 h~1
t/h ----- ^
8 Results of the kinetic studies on the reactions between tri~ 
ethylamine and ethyl iodide in various solvents at 25 °C
The following tables give details, for each rim, of the 
initial concentration of both reactants, a, and of the value of 
the second order rate coefficient, k. The mean values of the 
rate coefficients, £, and the variances, were calculated as 
described on page 230 „ An asterisk * before £ signifies that 
the reaction product began to precipitate out during the reaction.
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8a
8b
8c
Et„N5 . '+ EtI in MeOH at 25 °C
Run no. a/mol dm”3 k/dm3 mol”1 h  1
1 0.250 0.0149
2 0.200 0.0135
5 0.300 0.0148
4 0.200 0.0133
■5 0.150 0 ’0140
6 0.100 • 0.0133
k ~ 0.0140 dm3 mol 1 h”1 CO«II>
-Et N 5 + EtI in EtOH at 25 °0
Run no.- a/mol dm”3 k/dm3 mol”1 h”1
1 0.400 0.0116
2 0.300 0.0120
3 0.200 0.0120
4 0.251 0.0116
5 0.167 0.0114
6 0.350 0.0123
7 0.263 0.0120
8 0.175 0.0113
9 0.239 0.0121
10 0.159 0.0120
* w II 0.0118 dm3 mol”1 h~'1 (v = 2.5 / )
St J3 + EtI in PrnOH at 25 °C
Run no. a/mol dm”3 k/dm3 mol”1 h”1
1 0.176 0.00893
2 0.315 0.00817
3 0.236 0.00835
' 4 0.157 0.00913
5 0.316 0.00821
6 0.237 0,00868
7 0.253 0.00811
8 0.189 0.00887
9 0.126 0.00882
-X- _
k = 0.00858 dm3 mol”1 h”1 (v = 4.2 / )
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8d -Et_N + Etl in BunOH at 25 °C 3
Run no. a/mol dm 3 k/dm3 mol"'' h”*'
1 0.302 0.00669
2 0.227 0.00695
3 0.250 0.00671
• 4- 0.187 0.00670
5 0.400 0.00718
6 0.200 0.00729
7 0.345 0.00701
8 0.172 0.00728
k = 0.00697 dm3 mol”  ^ h”*' (v = 3*5 $
8e Et* N + Etl in • Bu^OH at 25 °G3
Run no. a/mol dm”3 k/dm3 mol"*' h""'
1 0.395 0.0166
2 0.395 0.0153 '
3 0.199 .0.0167
4 0.395 0.0161 .
5 0.296 0.0164
6 0.396 0.0156
7 0.297 0.0164
* k = 0.0162 dm3 mol"1 h“1 (v = 3 $ )
8f StN + St I in MeCO Et at 25 °G■ 3 2
Run no. a/mol dm”3 k/dm3 mol”*' h”*'
1 0.316 0.0279
2 0.158 0.0278
3 0.177 .0.0285
4 0.118 0.0284
5 0.258 0.0272
6 0.172 0.0282
k = 0.0280 dm3 mol”1 h”1 (v = 1.5 $ )
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8g
8h
Et N 3 *f EtI in MeCN at 25 °c
tun no. a/mol dm”3 3 ~1 *+ k/dm mol” min”
1 0.218 0.0137
2 0,145 0.0140
3 0.201 0.0136
4 0.201 _ 0.0135
5 0.201 0.0136
6 0.302 0.0131
k = 0.0136 dm3 mol”1 min”1
= 0.816 dm3 mol”1 h~1 (v = 1.8 / )
Et N ■ 3 + EtI in pfaoH at; 25 °C
tun no. a/mol dm”3 k/dm3 mol”1 h~1
1 0.311 0.0111
2 0.311 0.0121
3 0.292 0.0116
4 0.292 0.0114
5 0.219 0.0113
Ifc — -1 , -1k = 0.0115 dim mol h' (v = 2.7 / )
8i Et_N3
Run no.
1
2
.3
4
5 '
•ft _k
EtI in PhCO^Et at 25 C
a/mol dm”3
0.194
0.406
0.406
0.359
0.359
-1
k/dm3 mol”1 min”1
0.00143 mol min-1
0.00140
0,00141
0.00136
0.00150
0.00148
0.0858 dm3 mol”1 h”1 (v = 3.6 ° /o  )
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8j Et N + Etl in H O at 25 °C
j) £
Run no, a/mol dm 3 k/dm3 mol  ^ h
1 0*0363 0.133
2 0.0288 0.114
3 0.0193 0.139
4 0.0146 0.137
5 0.0179 0.116.
6 0.0179 0.110
7 0.0179 ■ ■ 0.123
k = 0.125 dm3 mol  ^ h””' (v = 9*3 $
8k Summary of rate data obtained for the reactions
Et„N + Etl in various solvents at 25 °C —  —-- —  —
Solvent k/dm3 mol”"' h
MeCN
H2°
PhC02Et 
MeCO Et 
Bu^OH
MeOH
EtOH
Pr1OH
PrnOH
BunOH
0.816
0.125
0.0858
0.0280
0.0162
0.0140
0.0118
0.0115
0.00858
0.00697
SECTION 17
Solubility Studies
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1 Solubilities of mercury(ll) chloride, iodide and acetate, in 
various solvents at 25 °G
1 a Determination of the solubility of mercury(ll) chloride at 25 °C
Solid mercury(Il) chloride* in excess of the amount expected
to dissolve* was placed in a large test tube, together with about 
340 cm of the solvent under study. The tube was fitted with a 
ground glass stopper, and the contents mixed ultrasonically* at 
about 35 °G? for about an hour. The tube was then placed in an 
oil bath at 25 °0* correct to within 0.01 °C* and shaken manually 
at intervals over several days. It was finally left to settle for 
a few days* and aliquots of the supernatant solution removed and 
analysed for mercury(ll) chloride content.
A back titration method was used. The aliquot was accurately 
diluted with water to give a manageable' concentration. An 
aliquot of this solution was buffered to pH 10 and an excess of 
standard EDTA (disodium salt of ethylenediaminetetracetic acid) 
solution added to complex the mercury. The excess of EDTA was 
determined by back titration with standard zinc sulphate solution, 
using eriochroine black T as indicator (colour change wine red to 
blue).
In order that the results could be expressed in units of 
weight as well as molarity, the weight of each original aliquot 
was determined as soon as it had been removed from the saturated 
solution.
1b Determination of the solubility of mercury(ll) acetate at 25 °C 
The method used was as described above (part 1a), except 
that the solubility was determined both in the presence, and in
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the absence of glacial acetic acid (0.1 cm3 acid per 25 cm3 solution).
The solubility of mercury(ll) acetate was determined in methanol at 
several temperatures, over a range from 25 °C to 65 °C„
1° Determination of the solubility of mercury(ll) iodide at 25 °0
For these determinations, the back titration method w as
found to be unsuitable, because inconsistent results were obtained
owing to the indistinct end points. Two other methods were
therefore used.
The first was a direct gravimetric method. The saturated
solutions were prepared as described on page 275. Aliquots (usually 
3\5 or 10 cm J of the supernatant solution were removed, weighed, 
and then left in evaporating dishes, covered with a piece of 
filter paper, so that the solvent could evaporate. When the 
remaining mercury(ll) iodide was completely dry, it was weighed, 
and hence the weight of solute per 100 g saturated solution was 
calculated.
The second method gave the molar concentration of solute.
3A 2 cm aliquot of supernatant solution was weighed. The 
solution was then diluted to a predetermined volume, using a 
solution of potassium iodide (2.5 mol dm"3) in 96$ methanol- 4$ 
water (volume/volume before mixing).'83 The optical density of 
the resulting Hgl “ solution was measured at 301.5 m i, as 
described on page 222* The concentration of original mercury(ll)
183iodide was calculated from the optical density by the relationship
concentration Hgl 
-3in mol dm
2 = opt. density / 12400
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2 Results of the s o lu b i l it y  determinations at 25 °C
Solvent Salt mol dm g/100 g sat. soln. mole fraction
HgCl 2 1.291 31 o 72 0.0731
Hgfa 0.0211 2.16 0.00223
EtOH Hg(0Ac)2 0.0435 1.75 0.00257
a Hg(0Ac)2 0.0710 2.81 0.00417
HgCl2 0.606 17.53 0.0449
Hgfa 0.0252 1.44 0.00193
Prn0H Hg(OAc)2 0.0349 1.37 0.00261
a Hg(0Ac)2 0.0427 . 1.69 0.00323
HgCfa 0.462 13.64 0.0413
*n Hgfa 0.0224 1.23 0.00203Bu OH Hg(0Ac)2 0.0408 1.58 0.00372
a Hg(0Ac)2 0.0434 1.65 0.00389
HgCl2 b1.768 ° 0.1690
MeOH Hgfa d0.0702 0.00286
a Hg(0Ac)2 0.278 0.0113
HgCfa d0.152 0.0144
Bu^OE Hgfa d0.0039 0.00037
Hg(0Ac)2 d0.014 0.00133
a in presence of glacial acetic acid (-0.07 mol dm""3)
187b this is the observed value; the theoretical value is 4.04 . 
c theoretical value 
d values from Ref. 115
Solubilities of Hg(OAo) in MeOH at various temperatures
Temp/°C • Soly./mol dm”2 Temp/°C Soly./mol dm”
25 0.308 48.2 0.333
25 0.235 52.8 0.330
25 0.295 52.9 0.273
30- 0.245 57.1 0.249
40 0.237 65 decomposed
Solubility at 25 °C taken as 0*278 mol dm”3 (the overall average).
SECTION 18
Chromatographic Studies
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1 Determination of terminal values of Raoult's law activity 
coefficients of triethylamine and of ethyl iodide in various 
solvents at 25  ° 0
Solutions of either triethylamine or ethyl iodide in six to 
eight different solvents were made up, by weight, so that mole 
fraction concentrations could be easily calculated. The 
solvents used were AnalaR where available, otherwise they were 
ordinary laboratory grade reagents, either purified as described 
before (page 214)? or used with no further purification. Each 
solution was transferred to a flask whose size and shape ensured 
that there was a large volume of vapour above the solution, and 
the flasks were stoppered with self-sealing septum caps which 
permitted the repeated entry of a hypodermic needle without loss 
of vapour. The flasks were then put in a water bath thermostatted 
at 25 °C, and left for about an hour. In order to reduce the 
possibility of condensation of solvent vapour onto the insides 
of the septum caps, a sheet of polythene was placed over the. 
water bath, on top of all the septum caps, so that- the air space 
between the sheet and the water was also at 25 C. The pressure 
inside each flask was maintained at atmospheric"by means of a 
small hypodermic needle permanently in place, piercing both the 
polythene sheet and the septum cap.
3After equilibration for an hour, 1 cm samples of each vapour 
were removed in turn, using a gas-tight syringe. The samples 
were expanded, with air, to 2.5 cm3 (to prevent condensation) 
and then injected into a Perkin-Elmer E-11 gas-liquid chromatograph 
equipped with a flame ionisation detector. Two column packings 
were found to be suitable for these solutes (both giving quick,
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clean elutions),'and the column used in any particular batch of 
solutions depended on the relative retention times of the solvents. 
The two available columns were as follows.
PE3 s 20$ diglycerol on celite 72-85 mesh, length 2m, i.d. 2 mm
PE7 : 10$ carbowax 4000 on celite 72-85 mesh, length 2 m, i.d. 2 mm
The instrument operating conditions were generally as follows.
-1Chart speed 5 mm min
Column temperature 65 °C
oInjection temperature 200 C
-2Gas pressures 19 lb in
16 lb in"2 
Air 18.5 lb in"2
A 'run* consisted of consecutive injections of the vapours 
from each of the solutions, carried out in the fastest possible 
time, so that conditions prevailing in the instrument would not 
alter significantly. Each batch of solvents contained two or 
three which were used throughout as standards, so that the results 
from all the batches could be compared in a valid way.
The concentrations of the solutions were altered, if 
necessary, so that the solute vapour peak heights from all the 
solutions in the batch were approximately equal, or at least 
could be measured using the same instrument sensitivity setting. 
This was to reduce errors caused by switching from One sensitivity 
setting to another, and errors caused by the measurement of peak 
heights rather than peak areas. An example of a typical output 
is given on the next page.
PhBr
Bu^OH
Output for solutions of triethylamine in the solvents 
indicated. Column used s PE7
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Several runs were done for each batch of solutions, and then 
the results created as follows. One solution from the batch of 
six to eight was chosen as the standard.. The choice was somewhat 
arbitrary, although the solution which had given the most self- 
consistent set of solute peak heights was usually selected. Then, 
for each run, the height of the solute peak from each solution 
was divided by the solute peak height in this standard solution, 
to give a set of relative peak heights. The average of these 
relative solute peak heights was calculated for each solution, 
omitting any obvious anomalies, and then each average value was 
divided by the mole fraction concentration of solute in that 
solution, to yield relative terminal values of the Raoult's law 
activity coefficients.
Y
c o
2
op
r  h
►d ro ""
fa
r
-j V * 2
P° x2 / P° fa fa , x2— > 0 P / q
/ -J L J
Z1 yX2—
y * 2
V q V  2 ■0
cowhere y - limiting value of Raoult's law activity coefficient 
P - vapour pressure of solute above the solution 
P° = vapour pressure of pure solute
x = mole fraction concentration of solute in solution 
D = detector response (solute peak height) 
subscripts 1 and 2 refer to solvents 1 and 2
Absolute values of y °  w e r e  determined for each solute in one
GDsolvent, so that from the relative values of y absolute values 
could be obtained. Several solutions of varying concentrations,
283
including some which were very dilute, were made up, in the same 
solvent, and the activity coefficients determined as above, 
relative to the value (unity) for the pure solute. These values 
were plotted against concentration, and extrapolation to zero
GOconcentration gave the absolute value of y . The values for 
ethyl iodide in ethanol, and triethylamine in acetonitrile were 
determined. However, because the value for triethylamine in 
benzene (1 .3OO) gave relative values of y °  for triethylamine 
which agreed well with the few available literature values, the 
absolute value .in acetonitrile determined in this work (9*50) 
was not, in fact, used.
co , oDetermination of absolute value of y for Eti in EtOH at 25 0
fraction Eti Y Mole fraction Eti Y
—
to 0 0 0 1 *000 0.001671 4.985
0.03200 3.880 0.001633 4.252
0.03081 3.647 0.001362 4.248
0.01430 3.852 0.001298 4.653
0.006072 3*982 0.000900 5.500
0.002570 4.713
coGraphical extrapolation to zero concentration gives y = 5.000
Determination of absolute value of y°° for Et N. in MeCN at 25 '"'C
Mole fraction Et^N -y
1.00 1.000
0.03180 8.284
0.01062 8.865
Mole fraction Et^N y
0.007433 8.501
0,004569
0.002082
9.093
9.238
00Graphical extrapolation to zero concentration gives y = 9*500
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The table on the next page lists absolute values of y °  obtained, 
the solvent used, the column used, and the approximate mole 
fraction concentration of the solute in each solvent.
Where a solvent was used as a standard (see page 280)? 
different concentrations of solute were used in the different 
batches. An average concentration, marked * is given in such 
cases.
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Solvent Type Col.
Et N 3
Cone.
I
COY
I
Col.
-Etl---
Gone, COY
MeOH c PE 7 0.045 0.984 PE3 0.013 7.982
EtOH c PE7 0.04 1 .262 Both 0,024" 5,000
Prn0H c PE7 0.063 0.897 PE7 0.035 .3.878
PrxOH G PE7 0.049 1 .449 PE7 0.021 3.845
Bun0H C PE7 0.039 0.839 Both 0.037* 3.160
Bu^H C PE7 0.03- o — CO CD PE3 0.019 4.038
Am1OH - cl PE7 0.063 0.664 PE7 0.033 2.275
MeGO Et c PE7 0.025 2.460 - - -
PhCO Et b PE7 0.045 2.032 PE7 O.O69 1.149
MeCOMe 'a - - ~ PE 3 0.069 2.102
MeCOEt b PE 7 0.02 2.742 PE3 0.074 1.417
PhGOMe b PE7 0.052 3*072 PE 7 0.032 1.281
EtOEt ' a - -  • - PE7 0.053 2.265
THE b PE7 0.019 1.442 PE3 0.14 0.926
Dioxan a PE 7 0.019 3*377 Both 0.08 1.338
“-C6H14 a PE7 . 0.061 1.589 PE 7 0.057 1.896
C6H6 a PE7 0.036^ 1.300 PE7 0.092 1 .072
PhCH5 a PE7 0.038 0.981 PE7 0.046 1 .103
PhCl b PE7 0.039* 1.221 PE3 0.097 1.014
PhBr b PE7 0.034*'" 1.385 PE7 0.074 1.046
Phi b PS7 0.036 1.626 PE3 0,11 0.886
CH Cl 2 2 b PS7 0.022 0.935 PE7 0.022 2.065
CHCl3 a PS7 0.188 0.340 PE7 0.031 0.956
GC14 a PE7 0.125 0.826 - - _
CH 01CH Cl b PE 7 0.031 2.138 PE7 0.022 1.438
CH012CHG12 b PE7 0.089 0.125 PE7 0.08 0.781
MeCN. c PE 7 0.0042 10.739 PE3 0.033 4.252
EtCIf b PE7 0.016 4.262 PE 7 0.027 2.542
PhCN b PE7 0.027 2.841 PE7 0.053 1.635
MeNO b PE7 0.02 12.310 PE7 0.016 4.810
PhN02 a ■ PE7 0.015 3.597 PE3 0.060 1.589
DKF b PE7 0.032 8.630 PE7 0.0'24 1,923
DMSO b PE7 0.0012 30.311 PE7 0.0075 3,107
a AnalaR solvent b Laboratory reagent solvent
c Solvent purified as described in Section 15, page 214.
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scale, of tetramethyltin and tetraethyltin from n-butanol to
n-.propanol. at 25 °C
Solutions of tetramethyltin and tetraethyltin were made up,
in the two solvents, exactly as described on page 279? so that
the mole fraction concentrations were approximately equal in both
solvents (about 2 x 10"3 with respect to tetramethyltin,- and about
5 x 10 3 with respect to tetraethyltin). The solutions were
3thermostatted and 1 cm samples of their vapours were removed,
3expanded to 2.5 cm with air, and injected into a chromatograph, 
as described on page 279. Column PE3 was used, and the instrument 
operating conditions were as on page 280.
The solute vapour peak heights were measured for each run, 
and the average relative peak heights calculated for each tetra- 
alkyltin in the two solvents. To calculate the required free 
energies of transfer, the following equation was used,
D / x
A g X = RT In 2 2t  —■
D / x  • v  1
where D and x are, respectively, the detector response (peak 
height) and mole fraction concentration of solute, and the 
subscripts refer to the solvents (1 = n-butanol, 2 = n-propanol). 
The results obtained are tabulated below.
2 Determination of free energies of transfer, on the mole fra c t io n
Me. Sn4 Et Sn 4
Average -^/D^ 1 .261 1.130
X1/X2 1.982 1.237
(D2/x2)/(D 1 /ocn) 1.364 1.398
A  Gx /kcal mol"1 0.18 0.20
SECTION 19
Computer Programs
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‘BEGIN*‘REAL'F,CELL;
' INTEGER1H,L,M,N,P,Q,R,S,T;
'ARRAY'A,B[1s1o];
‘INTEGER “  ARRAY‘TITLE[0 s20];
‘PROCEDURE‘INSTRINGCApM);
*ARRAY‘A;’INTEGER’M ;'EXTERNAL‘;
‘PROCEDURE‘OUTSTRING(A, M );
»ARRAY5A;1INTEGER'M ;’EXTERNAL‘;
SELECT INPUT ( 3) ;
AGAIN:Ts=0;
INSTRING(TITLE,T);
H:=READ;
‘BEGIN*'ARRAY*G[ 1 :H,1 S3];
‘FOR‘P=1'STEP'1'UNTIL!H'DO'‘FOR* Qs=1,2'D0'G[P,q]s=READ; 
L 2 =READ;
*F0R'P:=1‘STEP*1 ‘UNTIL'L‘DO‘A[p]s=READ;
M:=READ;
'FOR‘Ps=1 *STEP51 'UNTIL'M‘DO *B[p]s=READ;
F 2=READ;
‘F0R‘P2=1'STEP‘1 ‘UNTIL»H‘DO'C[p,3]2=READ;
CELL 2 =READ;
N 2 =READ;
•BEGIN1’ARRAY‘D[1sN,1 s2+H];
'PROCEDURE'RATECALC(TBIE,DIL,OD);
‘REAL*TIME,DIL,OD;
• 'BEGIN1'REAL•AMX,BMX,KT;
NEWLINE(l);
PRINT(TIME,4,2);
SPACE(5);
BMXs=( OD-C[ S, 2 ] *CELL ) *DIL*F/C[ S, 1 ] ; 
AMX2=(a[p]~B[q])*F+BMX;
KT s =LN (B[ Q] *AMX/( A[ P ] *BMX) ) /( ( a [ P] -B[ q] ) *F );
p r i n t(a m x ,i,7);
PRINT(BMX,1,7);
PRINT(KT,4 ,1);
PROGRAM 005A
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PRINT(KT/TIME,3,4);
’END’;
»PROCEDURE'DATAPRINT•
1BEGIN*PAPERTHROW;
WRITETEXT(*('DATA$SUPPLIED'(>2C *)‘TITLE'(*25S *)* *)*); 
T;=0;
OUTSTRING(TITLE,T);
WRITETEXT(*(*’('C *)'NO$OF$WAVSLBNGTHS$SPECIFiSD*)*); 
PRINT(H,1,0);
WRITETEXT( »(•*(' C ') • CALIBRATI OUTVALUES *) ») ;
*POR*Ps=1'STEP'1'UNTIL'H*DO*
'BEGIN**IF'P=1»THEN'SPACE(12)’ELSE'SPACE(30); 
PRINT(C[P,1],5,2);
PRINT(c[P,2],1f4);
NEV/LINE (1 );
'END';
WRITETEXT( 1 ( ' NO$OF$AQ$VALUES$SPEC IPIE3j$$$$$ » ) '); 
PRINT(L,2,0);
WEITETEXT(*( "  ('0’)'VALUES$OF$AO')');
'FOR *P s=1'STEP11'UNTIL'L'DO'
* BEGIN "  IF1P=11 THEN * SPACE(18);
’IF *P=5* THEN»WRITETEXT('( "  ('C30S') "  )1);
print(a[p],1,7 );
•END’;
WRITE TEXT ( * ( "  ( • C ' ) *NO$OF$BO$VALUES$SPECIFIED^^$') ') ; 
PRINT(M,2,0);
WRITETEXT('( "  (1C »)1VALUES$OF$BO1)');
,F0R'Ps=1'STEP'1'UNTIL'M'DO'
'BEGIN*'IF'P=1 * THEN'SPACE(18);
' IF 'P=5 'THEN' WRITETEXT( ' ( * '( 'C30S')")') ; 
PRINT(B[P],1,7);
'END';
WRITETEXT( ' ( ' * ( ’ C ') ' EXPANS I ON$FAC TOR' (' 14S ')")') ;
PRINT(F,1,5);
WRITETEXT('( "  (1C ')1CELL$CORRSCTlONS')');
'FOR*P=1'STEP'1'UNTIL'H'DO*
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'BE GIN'* IF 8P=11THEN8SPACE(14)1ELSE8SPACE(30);
PRINT(C[P p 3]?1 * 4);
NEWLINR( 1);
1 END 11
WRITETEXT('(8CELL$PATH$LENGTH8(114S’)81)');
print(cell,1,2)1
WRITHTBXT('(»»(8C •)*Na$0i$P0INTS$SPECIPIED'(88S1)11)8) ;
PRINT(N,2,0);
WITBTEXT( 8 ( 8 8 ( 8 C 8 ) 8 VALUES$01^TIHE^f^$DILUTI0N$8 ) 8 ) ;
8FOR8P:=1'STEP'1'UNTIL'H'DO8 
'BEGIN8 WRITETEXT( 8 ( 8^ 0 D 8) 8 ) j 
PRINT(P,1,o);
8END8•
8FOR8P:=1'STEP81'UNTIL'N'DO8 
8 BEGIN8 NEWLINE( 1 ) •
SPACE(8)j
PRINT(D[P,1],4,2);
PRINT(d[Ps2]? 3?5)J 
. 8FOR83s=18STEP81 'UNTIL 8H !DO 8PRINT(d[P,2+S]+c[s,3],1,4 );
8END 8 %
8 END8;
8F0R8P:=18 STEP81'UNTIL'N'DO8 
'BEGIN8D[P,1]s=READ;
D[P,2]SPREAD;
8POR8S;=1 8 STEP81 'UNTIL8H 8DO8D[P,2+S]s=R3AD~C[S,3]•
•END8;
DATAPRINT 5
'FOR'Ps=1 'STEP81 'UNTIL 8L ‘DO8 
'P0R'Qi=1 8STSP81 ‘UNTIL'M'DO8 
1BEGIN8 PAPERTHEOWj 
T:=0;
0U'TSTRING( TITLE, T);
WRITSTSXT( 8( 8 ' ( ' 2C8 ) ' CALIBRATION$VALUES:$$^$3L0PE$$INTERCSPT')  8); 
'FOR 8S;= 18 STEP' 1 'UNTIL8H'DO8 
8 BEGIN8 NEV/LINE(1 ) ;
SPACE(20)%
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PRINT(C[SJ1],5,2);
PRINT(c[S,2],2 ,4)j
1 END *;
WRITETEXT( 1 ( " ( ’ 2C ' ) ' INITIAL/C ONCS/AT/25C:
1 ( 1C20S 1) ' 1) ' ) ;  
print(a[p],1 ,7);
PRINT(b [q),1,7);
«FOR'Ss=1 *STEP11’UNTIL'H'DO'
'BEGIN »WRITETEXT( ' ( » ’ ( 12C ' ) ' WAVELENGTH/NO ') 1);
PRINT(S,1,0 );
WRITETEXT( ' ( "  (12C ' )
T:=0;
PRINT(T ,4 ? 2);
SPACE(5);
PRINT(A[P]*F,1,7);
PRINT(B[Q]*P,1,7 )|
’P0R'Ti=1'STEP'1'UNTIL'N'DO'RATECALC(D[T,1]?D[T,2],D[t,2+S]); 
'END';
'END';
'END';
'END';
»GOTO'AGAIN;
'END';
'END';
\
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ORDER OF DATA FOR PROGRAM C05A 
£TITLE?
No. of wavelengths used
Calibrations
No. of a values used o
Values of ao
No. of b values used o
Values of bo
Expansion factor 
Cell corrections 
Cell path length 
No. of points taken
For each point, Time Dilution Optical densities
EXAMPLE OF DATA FOR PROGRAM C05A (Corresponding to data on page 224)
£ET4SN EGOAC MEOH 13?
2
11961.6 0.046 10124*0 0.036 
1
0.0008798
1
0.0002257 
0.99389 
0.008 0.007
1.00 
17
2.233 5 0.530 0.446 4.083 5 0.491 0.415 6.000 5 0.441 0.373
8.000 5 0.407 0.344 10.00 5 0.373 0.316 etc....
* BEGIN88INTEGER8 J, P ;
Ps=READ;
* FOR *J:=1 * STEP'1 8 UNTIL8 P 8 DO8 
8 BEGIN8 8 INTEGER81,K,N ,T;
8ARRAY8TITLE[l s 10];
8 REAL8 SUMX, SUMXSQ, SIJMY, SUMXY, A , SUMA, DEV, DENOM, M, C, B, W 
8 PROCEDURE8INSTRING(TITLE,T);
8ARRAY8TITLE;
8INTEGER8T;
8 EXTERNAL8;
8 PROCEDURE1OUTSTRING(TITLE,T);
8 ARRAY8 TITLE;
8 INTEGER8T;
1EXTERNAL8;
Ts = 1 ;
INSTRING(TITLE,T);
N ;=READ;
8 BEGIN8 1 ARRAY8 X[ 1 s N] , Y[ 1 s N-] ;
Bs=READ;
W:=READ;
SUMX s =SUMXS Q: =SUM Y: =SUMXX: =SUMA: =0;
T:=1;
OUTSTRING(TITLE,T);
NE¥LINE(2);
WRITETEXT(8(8INITIAL$CONC$B$$8)8)•
PRINT(B,1,6);
SPACE(3)j
WRITETEXT( 8 ( 8 WAVELENGTH^ *) 8 );
PRINT(W, 3? 1 ) ?
NENLINE(2);
WRITE TEXT ( 8 ( 8#$^TIME^cf^i$$$KT8 ) 8);
NEWLINE(1);
8FOR8Is=1 8 STEP818UNTIL 8N lD08 
8BEGIN8X[ l] : =READ;
Y[ I] s=READ;
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SUMX:=SUMX+X[l];
SUMXSQ,; rsSUMXSQ+X[ i] *X[ I ] ;
SUMY:=SUMY+Y[I];
SUMXY: =SUMXY+X[ i]*Y[i] ; 
PRINT(x[l],5.,2);
SPACE(2);
PR IN T (Y [l],5 ,l) ;
NEV/LINE(1 );
'END';
DENOM s ssN*SUMXSQ-STJMX*SUMX;
C s=( SUMXS Q*SUKY-SUMX*SUMXY) /den om •
M :=( N*SUMXY-SIJMX*SIJMY) /DENOM j 
NEWLINE(2)j
WRITETEXT(’(1 INTERCEPT^')1);
PRINT(C,2,4);
SPACE(2);
WRITETEXT(»('K$»)»);
PRINT(M,3 ,4 );
'PORfK:=1'STEP’1' UNTIL*N'DO'
* BEGIN'As=( Y[ K] -M*X[ K] -C) ■t2; 
SUMA:=SUMA+A;
'END';
DEVs=SQRT(SDMA/(3UMA/(SUMXSQ*(N-1)) ) 
NEv/LINE(2) ;
WRITETSXT(' ( ' STANDARB$DEV$' ) ' ) ;
PRINT(DEV,3,4);
PAPERTHROW;
'END';
'END';
'END';
'END';
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ORDER OP DATA FOR PROGRAM C05P
No. of sets of data 
£TITLE?
No. of pairs of points
Value of b i , .o I or any two numerical constants
Value of wavelength J 
X1 y1 X2 y2 X3 73 etCo
EXAMPLE OF DATA FOR PROGRAM C05P (Corresponding to data and
output on page 225 )
2 '
£ET4SN HGOAC MEOH 13?
17
0.000226 301.5
2.23 146.5 4.08 248.4 6.00 396.4 8.00 510.8
10.00 639.1 etc...
£ET4SN HGOAC MEOH 13?
17
0.000226 315
2.23 146.2 4.08 241.4 6.00 387.2 8.00 501.5
10.00 624.9 etc...
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PROGRAM CQ5B
'BEGINr'REAL' F, U, V , W, Y, KT, U2,CELL;
' INTEGER'H,I,L,M?N,0,P,QyRjSjT;
' ARRAY* A,B,K[i s10];
* INTEGER'1ARRAY'TITLE[0 2 20];
’PROCEDURE»INSTRING(A,M);
»ARRAY * A;* INTEGER' M; ’EXTERNAL';
'PROCEDURE 1OUTSTRING(A,M);
' ARRAY»A; ' INTEGER 'M; ' EXTERNAL»;
'REAL'*PROCEDURE«FN(Y);
'REAL'Y;
'BEGIN'FN 2 =V/(A[P]-Y)/(W~V^Y+SQRT(U2-U*Y*(B[Q]-Y))) 
'END*;
'BOOLEAN'’PROCEDURE'ERROR(P,Q,n );
'VALUE’P PQSN;
'REAL'P,Q;
’INTEGER'N;
'BEGIN*'REAL’R;
'INTEGER*I,J;
'SWITCH«SS2=ZERO;
'IP’P=0.0'THEN'
'BEGIN''IP*0=0.0'THEN *
' BEGIN' ERROR; = 'TRUE';
‘GOTO'ZERO;
'END'
'ELSE'
'BEGIN'Ps=Q;
Q,s=0.0;
'END*;
'END';
P;=ABS(P);
Q;=ABS(O);
'IP'P>1o0'THEN'R2=0.1'ELSE *R2=10.0;
Is =J s =0;
*POR»12 =1+1'WHILE »P<0.1'OR'P>1.0’DO'
'BEGIN'P;=P*R;
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J:=I;
1 END *;
Q:=Q*RTJ;
I:«10TN;
J:=P#I;
I:=Q*I;
ERROR;=* IF *I=J8 THEN8 8 TRUE8 8 ELSE8 8FALSE8;
ZEROs 8END8;
8REAL8 8PROCEDURE8INTEGRAL(F,X,XO,XN,N);.
8 VALUE 8 XO,XN,N ;
8REAL 8F,X,XO,XN;
8INTEGER8N*
8BEGIN8 8REAL8 A,AREA,H;
8 SWITCH8 HH s =HALVE;
Hs=(XN-XO)*2;
Xs=XO;
AREAs =F;
Xs=XN;
AREAs=(AREA+F)*H/4;
HALVE sH s=H/2;
As=AREA;
Xs=XO+H/2;
AREAs=F;
8 FOR8 Xs =X+H8 WHILE8X<XN8 DO8 AREAs =AREA+F;
AREAs=(A+H*AREA)/2;
8IF8ERROR(A,AREA,N)8THEN8 INTEGRAL:=AREA8ELSE8 8GOTO8HALVE 
8 END8;
selectinput(3)J
AGAIN:Ts=0;
INSTRING(TITLE,T);
H:=READ;
8BEGIN 8 8 ARRAY8 C[ 1 s H, 1 s 3] ;
8FOR8Ps=1 8STEP 81 8UNTIL ’H 8DO8 8FOR8Qs=1,2 8D08C[P,Q] :=READj 
L:=READ;
8FOR8Ps=18STEP 81 8UNTIL8L 8D08A[P]s=READ;
Ms=READ*
8FOR8Ps=11 STEP 81 8UNTIL8M 8DO8B[P]s=READ;
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F:=READ;
fF0R'P:=1’STEP11 ’UNTIL'H’DO'C[P,3]J=READ;
CELL:=READ;
N :=READ;
’BEGIN’’ARRAI'D[1;NP1:2+H],E[l:NP1:5],X[OsN];
'SWITCH1AAj=A1 PA2;
’PROCEDURE'RATECALC(TIME,DIL,OD);
'REAL’TIME,DIL,OD;
’BEGIN'E[R,2]:«(OD-C[S P 2]*CELL)*DIL*F/c[S, 1 ];
E[RP1]s=(a[p]-B[q])*F+e[R,2]J
E[RP3]s=LN(B[Q]*E[R,l]/(A[P]^E[RP23))/((A[P]-B[Q])-«-F);
’END’;
'PROCEDURE’DATAPRINT;
'BEGIN’PAPERTHROW;
WRITETEXT('('DATA/SUPPLIED'(’2C 1)'TITLE *(125S’)'1)’) ; 
T:=0 ;
OUTSTRING(TITLEST);
WRITETEXT( ’ ( * ’ ( 1C • ) 'NO/OF/WAVELMGTHS/SPECIFIEL///') ’ ) 
PRINT(HP1pO);
WRITETEXT('(11(’C «)•CALIBRATION/VALUES *)*);
»FOR’Ps=1'STEP’1’UNTIL'H'DO’
•BEGIN’1IF•P=1 'THEN‘SPACE(12)'ELSE'SPACE(30)j 
PRINT(C[PP1]P5J2);
PRINT(C[PP2]P1P4);
NEWLINE(1);
'END’;
. WRITETEXT( ' ( 'NO/OF/AO/VALUES/SPECIFIED$$?W ’ ) '); 
PRINT(L,2,0);
WRITETEXT( »( "  ( ' C •) • VALUES/OF/AO') 1) ;
'FOR'Ps=1'STEP'1'UNTIL'L'DO'
'BEGIN "  IF »P=1'THEN'SPACE(18)j 
»IF'P=5 ' THEN' WRITETEXT( ’(’•(' C3O S ;
print(a[p]P1P 7 );
1 END'|
WRITSTEXT( ' ( "  ( 'C ') ’NO/OF/BO/mUE^PECIFIED//^o») ») 
PRINT(Mp2p0)j
WRITETBXT('( "  ('C ')'VALUES/OF/BO')');
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»FOR TP:=1'STEP'1'UNTIL»M»DO'
'BEGIN"IF »P=1 1 THEN1 SPACE( 18) ;
»IF 'P=5 * THEN' WRITETEXT( » ( 1 ' ( ’ C^OS')")');
PRINT(b [p ],1 ,7)j 
’END';
WRITETEXT( 1 ( "  ( ' C ') ' EXPANSION$FACTOR'(’ 14 S ; 
PRINT(F,1,5)J
WRITETEXT(»( "  ('0')'CELL$CORRSCTIONS' ) ' ) ;
'FOR'Ps=1 ‘STEP' 1 'UNTIL 'II'DO*
’BEGIN "  IF1P=1»THEN'SPAGE(14)'ELSE'SPACE(30);
print(c[p,3],U4)j 
newline(1)J
'END'J
WRITETEXT( ' ( ’ GELL$PATH$LENGTH1 ('14S')")•); 
PRINT(CELL,1,2);
WRITETEXT(1(''('G ')'NC$OF$POINTS$SPEGIFIED'(«8S *) "  )') 
PRINT(N,2,0);
WRITETEXT( «( "  ( ' G •) «VALUES$OI%TIM£$$^$$DILUTION$*).»)• 
«FOR'Ps=1'STEP'1'UNTIL'H'DO'
' BEGIN1 WRITSTEXT( ' ( '$$$OD' ) « ) ;
PRINT(P,1pO);
1END1j
*FOR'Ps=1 'STEP'1 'UNTIL'N'DO'
'BEGIN’NEWLINE(1)j 
SPACE(8);
PRINT(d[p,1] , 4  p 2);
PRINT(d[p ,2],3?5);
‘FOR'Sj=1'STEP'1'UNTIL'H'D0'PRINT(D[PP2+S]+C[S?3],1,4) 
'END';
WRITSTEXT( ' ( " ( ' G ’ ) ' N0$QS%K$VALUSS$3PECIFIEByfy0%¥>' ) s ) 
PRINT(I,2,0);
WRITETEXT( ' ( "  ( * C «) ' VALUBS/oOF$K' ) » ) ;
'FOR'P.:=1 'STEP'1 'UNTIL'I'DO'
'BEGIN "  IF'P=1'THEN1SPACE(19);
'IF *Ps5'THEN'WRITETEXT('( " ('C3OS’) " )1)j
PRINT(k [p ],7J);
'END'; ’ ■
!F0R'P:=1'STEP‘1'UNTIL'N'DO*
'BEGIN'D[p,l]:=READ; 'V
D[P„2]SPREAD;
'POR'SssI 'STEPM iUNTIL'H,D0 ,D[P,2+S] ;s=READ-C[Sp3];
‘END*;
I:=READ;
'POR’PissI 'STEPM 'UNTIL'I’DO*K[p ]:=READ;
DATAPR1NT;
•P0R'0:=1'STEP'1'UNTIL'I'DO'
'F0R'P:=1'STEP'1'UNTIL'L'DO'
' FOR' Q:=1 'STEP’1 'UNTIL' M.' DO'
1BEGIN'PAPERTHROW;
T:=0;
OUTSTRING(TITLE,T);
WRITETEXT( ’ ( "  ( '2G ' ) ' GALIBRATIOII$VALUESi^$/feLOPE>;^INTSRGEPT') ’ ) 
'FOR'S:=1'STEP‘1'UNTIL'H'DO'
' BEGIN1 NEWLINE (1) ; ;
SPACE(20);
PRINT(c[S, 1  ] , 5 , 2 ) ;  •' '• ■ *
PRINT(c[S,2],2f4)s '
'END';
WRITETEXT( ' ( * * ( *20* ) 'INITIAL$C0NCS$AT$25C 
B ' ( 'C20S ’) * 1) 1) ?
PRINT(a [p ],1,6);
PRINT(b [q],1,6);
'FOR'S:=1‘STEP'1'UNTIL'H'DO'
’BEGIN«V/RITETEXT( 1 ( "  ( ’ 2G1) ' WAVELENGTH$N0 ' ) ‘ ) J 
PRINT(S,1?0);
WRITETEXT(1('*(’23S*)'EQUILIBRIUM^ONSTANT'(1C40S1)‘0 
,(,11S'),,)i);
PRINT(K[o],7,l);
WRITETEXT( ’ ( " ( ' 2C' ) '^$TIME^$$$$f^(A-X)f#^^(B-X)^W$$KT
T:=0;
PRINT(T,4 ,2);
SPACE(5);
’ ( ’ c 1) 11) 1);
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PRIHT(a [p ]*F,1,6);
PRINT(B[Q]*F ?1,6);
*F0R»R;=1'STEP‘1'UNTIL'N'DO'E[r ,4]:=0.0;
»F0R»R;=1'STEP'1'UNTIL'N'DO'RATBCALC(d [R,1],D[R,2]^[R,2+3 ])
X[o]s=O.Oj
U s«K[0]*B[q]*F;
U2s=U*U;
Vs=2.0*(K[o]~l);
W s=V*B[q]*F-U;
Us =2.0*V*K[0]j
»F0R'Rs=1'STEP * 1*DNTIL,N ,D0,X[R]ssB[Q]*F-E[Rf2];
KT s =0«0;
'FOR'Rs-O'STEP'1 'UNTIL 'N-1 'DO'
1 BEGIN1 T:=R+1;
•1 FOR' T s =T' WHILE' X[ T]<X[ R] 'DO' 1 IF«T>N' THEN * 'GOTO'AI 
'ELSE'Ts=T+1;
KTs=KT+INTEGRAL(FN(l) ,y ,x [r ] ,x [t ] , 6) j 
E[T,4];=D[T,1];
E[T,5]s=KT;
A1sRs=T~1;
'END*;
*F0R»Rs=1'STEP'1'UNTIL'N'DO'
'BEGIN'NEWLINE(1);
PRINT(d [R,i]?4»2);
SPACE(5);
PRINT(E[R,1],1,6);
PRINT(b[R,2],1,6);
PRINT(E[Rf3] »4>1)J 
PHINT(e[r,3]/d[r,1],3*4);
'IF'ABS(e [r ?4]-D[R,1])>10&-6'THEN*'G0T0'A2;
PRINT(e[R,5],4s1);
print(e[r,5]/d[rs1],3,4);
A2 s'END';
'END';'END';
'END';'END';
'GOTO'AGAIN;
’END';'END';
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ORDER OP DATA FOR PROGRAM C05B 
XTITLE?
No. of wavelengths used
Calibrations
No. of a values used o
Values of ao
No. of b values used o
Values of bo
Expansion factor 
Cell corrections 
Path length of cell 
No. of points taken
For each point, Time Dilution Optical densities 
No. of equilibrium constants used 
Values of equilbrium constants
EXAMPLE OF DATA FOR PROGRAM C05B
£ET4SN HGI2 ETOH 1?
2
11961.6 0.046 10124*0 0.036 
1
0.01966
1
0.01264 
1.00 
0.000 0.000
1,00 
11
30 200 0.780 0.662 60 200 0.759 0.640
122 200 0.711 0.608 180 200 0.678 0.579 etc..
4
5. 10 15 20
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*BEGIN1'REAL’ *PROCEDURE1TAN(X)j 1REAL * X;»EXTERNAL1;
'REAL1•PROCEDURE *ARCSIN(x);’REAL'X;‘EXTERNAL1; •
’REAL'«PROCEDURE’ARCCOS(X);‘REAL’X;‘EXTERNAL’; 
lREAL,A,B,G9D,E,F,GfH,L9MXY#MYZ,MXZ,E09E1 ?E2,R,ALPHA,
PHI, PH11, PHI 2, PHI 3, PHI4, TIIETA1, THETA2, THETA3 f THETA4 ,PI, OMEGA; 
•ARRAYtRA,RB[l:13],RD[-2s0,-.1il],RE[0:360],RI'\EMIN[-1:l],RG[ls7, ' 
1j3,-2«360];
’INTEGER‘M,N,0,P,Q,S,T,U;
1 INTEGER11ARRAY1IA[-1s1]j
*SWITCH1BBs=B1; .
‘PROCEDURE1ROMEGA<A,B,C);
’VALUE’A,B,C;
»REAL‘A,B,C;
’BEGIN’R:=SQRT( (A+MYZ)*(A+MYZ)+(B-MXZ)*( B-MXZ)+(C-MXY)*(C-MXY) ) ;
’IF’D<&-*6’THEN1 OMEGA:=ARCCOS((A*A+B*B+C*G+E*E-R*R)/(2*E*SQRT(
A*A+B *B+C*C') ) ) ’ ELSE1
‘BEGIN ”  IF ’ A< fc-6 ’ AND ’B<Sc-61 AND ‘G<Sr-6 ’ THEN1 OMEGA: =L1 ELSE ’
OMEGA: =*L+ARCSIN( ( C*RA[ 7]~B#RA[ 8] )/SQRT( A*A+B*B+C*C-( A#RA[4]
+Ra [3]*(B*RA[7]+0*RA[8]))T2));
’END•;•
’FOR‘OMEGA:=OMEGA»WHILE•ABS(OMEGA)>PI’DO’OMEGA:=2*PI-ABS(OMEGA) 
•END';
‘REAL1 *PROC EDURE»MEME(R);
*VALUE’R;
‘REAL‘R ;
’ BEGIN ‘ MEME: - 2 3 0 5 ( 1 1 880'*EXP (- 3,329* ( R+0.205))~127.6/( R+0.205) T 6) 
’END’;
1 REAL “  PROCEDURE * HGHG(R) ;
•‘VALUE*R;
’REAL’R;
’BSGIN‘HGHGs=6756.561-K(2o90/(R+0.255))f12-(2.90/(R+0.255))f6)
‘END’;
*REAL “  PROCEDURE‘SNSN(R);
‘VALUE’R;
‘REAL’R; .
PROGRAM C052
»BEGINtSNSN:=6756.56l^((2.90/(R+0.255-0.240))712-(2.90/(R+0.255 
-0.240))t 6) ‘ •
'END';
•REAL*‘PROCEDURE*CLCL(R); /
'VALUE'R; ■ ’* /fe • ‘
•REAL'R; • ' •%
'BEGIN *CLGL s«2146.20175*((4.268/(R+1.09+0.2))t12—(4 .268/(R+1.09+ 
0.2))t6)
'END*;
* REAL *'PROCEDURE'BRBR(R); '
'VALUE'R; 
’REAL'R ;
*BEGIN'BRBR:=2146.20175*((4.268/(R+1.09))t12-(4.268/(R+1.09))?6)
'END'; 
'REAL''PROCEDURE»II(r ); 
'VALUE'R; 
'REAL'R;
'BEGIN»II:=2146.20175*((4.268/(R+1.09-0.22))t12-(4.268/(R+1.09 
- 0 .2 2 ) ) f6 )  f  • ;
'END'; . •
'REAL‘'PROCEDURE'HH(r );
' VALUE'R; ■ '
'REAL 'R;
•BEGIN»HH:=64.5*((3.06/(R+0.66))t12-2*(3.06/(R+0.66))T6)
'END'; '
«REAL "  PROCEDURE«FNFN(FN1,EN2, V) ;
* VALUE'FN1,FN2; -
'REAL'FN1fFN2; /fe • ’ ’
1INTEGER'V;
'BEGIN'FNFN: =' IF'V=0'THEN'0.5 *(FN1+FN2) ' /
* ELSE * FN1+0.01*FN2
•END'; ■
•REAL "PROCEDURE'I;
'BEGIN' I : = ' I F 1D<&~6’THEN«2-1.347564*R/(SQRT(R*R-0.54601781*SIN(OMEGA)'
*s i n(o m e g a)*(a*a+b *b+c*c ))) s A,.;
1 ELSE ’0 . 'feWV'
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'PROCEDURE1MODEL(m );
1 INTEGER'M; -
‘BEGIN1 »SWITCHfM:=A1 ,A2,A3,M ?A5pA6?A7;
0:=0+1; 
f GOTO *AA[m ];
’COMMENT’RHGBR+HGBR2;
A1sROMEGA(A,-B,o )j 
1COMMENT'OUTGOING MERCURY ATOM;
RG[1,0,N]:=FNFN(MEME(R+I+0.5)»HGHG(R+I-0.5)* 1)*C0S(0MEGA*0.5)J 
E0:=S0+RG[1,0,N]j 
S:=1; .
’IF * P=0'THEN1’GOTO'A71 
R0MEGA(A,B,0);
COMMENT'INCOMING MERCURY ATOM;
RG[2, 0,N] :saFNFN(MEME(R+I+0. 5 ) ,HGHG(R+I-Oe5) , 1 )*C0S(0MEGA*0.5) » 
EOl=E0+RG[2,0,N];
S:=2;
’GOTO’A7;
»COMMENT»RHGBR+HGBR2+BR-;
A2 %ROMEGA(A,-B,0);
'COMMENT1 OUTGOING MERCURY ATOM;
RG[1,0?N]:=FNFN(MEME(R+I+O,5),HGHG(R+I-0.5)*1)*COS(OMEGA*0.5); 
E0:=E0+RG[1#OfN];
S:=1;
’ IF»P=0‘THEN" GOTO «A7;
R0MEGA(A,-B-2.45,0)j 
'COMMENT ‘OUTGOING BROMINE ATOM;
RG[ 2,0, N ] :=FNFN(MEME(R+0.15),BRBR(R-0.15),O)*C0S(0MEGA*0.5); 
E0s=E0+RG[2,0,N];
R0MEGA(A,B,0);
'COMMENT*INCOMING MERCURY ATOM;
RG[ 3,0,N] i =FNFN(MEME(R+I+0.5) >HGHG(R+I-0.5) ? 1 )*COS(OMEGA*0.5) ; 
E0:=E0+RG[3,0,N];
R0MEGA(A,B+1.4574,2.0577);
'COMMENT'INCOMING UPPER BROMINE ATOM;
RG[4, 0,N] s =FNFN(MME(R+0.15), BRBR(RrtO. 15) , 0)*COS(0MEGA*0.5 ) J
30s=E0+RG[4,0,N]; ‘
R0MSGA(A,B+1.4574,-2.0577);
’COMMENT * INCOMING LOWER BROMINE ATOM;
RG[5# 0,N]s=FNFN(MEME(R+0.15),BRBR(R-0.15),0)*C0S(0MEGA*0.5) ; 
E0:=E0+RG[5,0,N];
ROMEGA(A+SQRT(7.56 25-B*B), 0,0 ) ;
•COMMENT’BRIDGING BROMINE ATOM;
RG[6,0,N]: = ‘IF’D<2,-6fTHEN’0
’ ELSE ’FNFN(MEME(R+0.15),BRBR(R-0.15 ) *0) *COS( OMEGA^O. 5 );
EO:=EO+RG[6,0, N] ;
S:=6;
’GOTO1A7; -
’COMMENT’RHGBR+HGBR2+2BR-;
A3:R0MBGA(A,-B,0);
’COMMENT’OUTGOING MERCURY ATOM;
RG[ 1,0, N] s=FNFN(MEME(R+I+0.5)j HGHG(R+I-0.5),1)*C0S(0MEGA*0.5) 
EO s =EO+RG[1,0,N];
S:=j ;
’IF’P=0’THEN‘’GOTO ‘ A7;
R0MEGA(A,-B-1.4574,2.0577);
’COMMENT’OUTGOING UPPER BROMINE ATOM;
RG[2,0,N]s =FNFN(MEME(R+0.15),BRBR(R~0.15),0)*COS( 0MEGA*0.5) ; 
E0:=E0+RG[2,0,N]j . ■
R0MEGA(A,-B-1.4574,-2.0577);
’COMMENT’OUTGOING LOWER BROMINE ATOM;
RG[3,0,N];=FNFN(MEME(R+0.15),BRBR(R-0*15),0)*C0S(0MEGA*0.5)J 
SO: =EO+RG[ 3,0, N] ; - - . '•
ROMEGA(A,B,0);
•COMMENT'INCOMING MERCURY ATOM;
RG[4,0,N]:=FNFN(MEME(R+I+O.5)»HGHG( R+I-0.5)>1)*C0S(0MEGA*0.5) 
EO:=E0+RG[4 ? 0,N];
R0MEGA(A,B+1.4574,2.0577);
’COMMENT‘INCOMING UPPER BROMINE ATOM;
RG[5,0,n ]:=FNFN(MEME(R+0.15),BRBR(R-0.15),0)*COS(0MEGA*0.5); 
EO:=S0+RG[5,0,N];■
romega(a,b+i,4 5 7 4,-2.0 5 7 7);
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'COMMENT1INCOMING LOWER BROMINE ATOM;
RG[6,0, N ]j=PNEN(MEME(R+0,15),BRBR(R~0.15),0)*C0S(0MEGA*0.5);
EO:=EO+RG[6,0, N] ; • •
R0MEGA(A+SQRT(7*5625-B*B),0,0);
1 COMMENT'BRIDGING BROMINE ATOM;
RG[7,0,N] i= 1IE'D<&-6’THEN'0
1ELSE'PNPN(MEME(R+0,15),BRBR(R-0.15),0)*C OS(OMEGA*Q•5)J 
EOs=BO+RG[7? 0,N];
S:=7;
1 GOTO'A7;
»COMMENT‘RSNME3+HGCL2;
A4:T:=1;
R0MEGA(F+RA[12],-F*RA[11],0);
'COMMENT'OUTGOING TIN ATOM;
RG[T,0,N]s=FNPN(MEME(R+I+0.38),SNSN(R+I-0.38),1)*COS(QMEGA*0.5);
EO i=EO+RG[T,0,N];
PHI;=PHI3;•
'FOR' PI-113: =PHI, PHI+2*Pl/3, PHI+4*Pl/3 ’DO1 
'BEGIN'T:=T+1; .
ROMEGA(F*RA[12]-H*RA[ 12]*COS(THETA3)-RA[11]*SIN(THETA3)*»G0S(PHI3)), 
-F*RA[ 11 ]+H*(RA[ 11 ]*C0S(a?HETA3)+RA[ 1 2] *SIN(TIIETA3)*COS(PHI3) ) , 
H*SIN(PHI3)*SIN(THETA5));
•COMMENT'OUTGOING METHYL GROUPS;
RCt[T, 0,N]: =FNFN(MEME(R) ,MEME(r ) ,o )*COS(OMEGA*0.5)'j 
EO:=EO+RG[t , 0,N];
'END';
PHI3:=PI-II;
S:=4;
«IF' P=0'THEN" GOTO'A7; •
Ts=5; '
ROMEGA(A,B,0);
'COMMENT'INCOMING MERCURY ATOM;
RG[T,0,N]s=FNFN(MEME(R+I+0.5),HGHG(R+I-0.5),1)*COS(0MEGA*0.5) ;
. EO:=EO+RG[T,0,N];
PHI j=PHI4; -
' FOR»PHI4:=PHI,PHI+PI'DO»
•BEGIN'T:=T+1;
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R0MEGA(A-G*(RA[12]*G0S(THETA4)-RA[11] *SIN(THETA4)*C OS(PHI4)), 
B-G*(RA[ 11 ]*COSO?HETM)+RA[1 2]*SIN(THETM)*C0S(PHI4)-),
-G*SIN(PHI4 )*SIN(THETA4)); • •
•COMMENT‘INCOMING CHLORINE ATOMS;
RG[t ,0,N]:=PNFN(MEME(R+0.25)>CBCL(R-O.25)>0)*C0S(0MEGA-x-O.5);
EO: =E0+RG[ T, 0, N] ;
•END*;
PHX4s«PHI;
Ss=7;
’GOTO»A7;
‘COMMENT‘RSNME3+HGI2;
A5 s T: =1 ; -
R0MEGA(F*RA[12],-F*RA[11],0);
1 COMMENT1 OUTGOING TIN ATOM;
RG[T, 0,N] : =FNFNt(MEME(R+I+0.3 8), SNSN(R+I-0.38) , 1)*COS(OMEGA*Q. 5 ); 
E0:=Eo+RG[t,0,N];
PHI:=PHI3 ;
*FOR * PHI3 :=PHI,PHI+2*PI/3 ,PHI+4#Pl/3 ‘D0‘
’BEGIN *Ts=T+1;
ROMEGA(F*RA[ 12]-H*(RA[ 12]*G0S(THETA3)-RA[ 11 ]*SIN(THETA3)*C0S(PHI3) ) , 
-F*RA[11]+H*(RA[11]*C0S(THETA3)+RA[ 12 ] *SIN(THETA3)*C OS(PHI3)),
H*SIN(PHI3)*SIN(THETA3));
RG[t , 0,N] ;==FNFN(MEME(r ) ,MEME(r ) j0)*C0S(0MEGA*0.5) ;
1COMMENT 1 OUTGOING METHYL GROUPS;
EO: =EO+RG[ T, 0 p N];
‘END*; ■
PHI3 :=PHI;
S:=4;
T:=5;
‘IF‘P=0’THEN’’GOTO’A7;
R0MEGA(A,B,0);
‘COMMENT‘INCOMING MERCURY ATOM; ■ -
RG[T,0,N]:=FNFN(MEME(R+I+O.5),HGHG(R+I-0.5),1)*00S(0MEGA#0.5); 
E0s=E0+RG[T,0,N];
PHIj-PHI4;
‘FOR’PHI4:=PHI,PHI+PI1DO‘
‘BEGIN'T:=T+1;
R0MEGA(JUG*(HA[ 12]*C0S(TIIETA4)-HA[ 11 ]tfSIN(THETM)*C0S(PHl4) )•, 
B~G*(RA[l1 ] *COS( THETA4 ) +RA[ 12]*SIN(THETA4) OS(PHI4 ) ) ,
-G*SIN(PH14)*SIN(THSTA4) ) J ~
EO:=EO+RG[T, 0, n ]
’END'; ' .
PHI4i=PHI;
S;=7j 
'GOTO'A7;
’COMMENT'JENSEN AND RICKBORN MODEL FOR RHGBR+HGBR2;
A6:ROMEGA(A, -B, 0 ) ;
*COMMENT *OUTGOING MERCURY ATOM;
RG[1,0,N]:=FNFN(MEME(R+I+O. 5 ),HGHG( R+I-0.5),1)*COS(0MEGA*0.5) 
EO:=EO+RG[l,0,N];
S;=1;
’IF’P=0’THEN'’GOTO1A7;
ROMEGA(A,-B-2.45,0);
• COMMENT’OUTGOING BROMINE ATOM;
RG[2,0,N]:=FNFN(MEME(R+O.15),BRBR( R-?.15)*COS(0MEGA*0.5)J 
E0;=E0+RG[2,0,N];
R0MEGA(A,B,0);
’COMMENT‘INCOMING MERCURY ATOM;
RG[3,0,N]:=FNFN(MEME(R+I+O. 5),HGHG(R+I-0.5),1)*C0S(0MEGA*0.5) 
EOs=EO+RG[3,OjN];
RGMEGA(A,B+2.45,0);
’COMMENT'INCOMING BROMINE ATOM;
RG[4,0,N]:=FNFN(MEME(R+0.15),BRBR(R~0.15),0)#COS(QMEGA*0.5) ; 
EO:=EO+RG[4,0,N];
ROMEGA(RA[13],o,RB[13]);
•COMMENT’UPPER BRIDGING BROMINE ATOM;
RG[5,0,N]:=’IF»DC&-6’THEN'0
'ELSE'FNFN(MEME(R+O.15),BRBR(R~0.15),0)*COS(0MEGA*O.5);
EO:=EO+RG[5,0,N];
S:=5;
A7:'END«;
’REAL "PROCEDURE’PE(PHI2);
’VALUE’PHI2;• "
?10 ' - f e  : 7 $ ’:' fe *• fe fe fe fe /k fe
•REAL’PI-112; ; "  V  - _ • . - . . ' 7. ,,,v /; 77
’BEGIN’E0:=0; • • • • • .-fefe. . j fefe;fe#:Vi
»FOR ’ L: =PHI2 * STEP12*Pl/3'1 UNTIL1PHI2+ (U-0.9 ) *2*Pl/3 ’ DO ’ • -7A  ' *1
’BEGIN1 RA[9] J =SIN(L) ; ■ - / fefe fefe fefe
RA[ 10] ;=COS(l) ; - / . fefefe-fe /  fe
MXZ: =D*RA[ 3] *RA[ 7]-E*( RA[ 3] *RA[ 6] *RA[ 7] ■+RA[ 4 ] *RA[ 5 ] *RA[ 7] *RA[ 1 o]- '. j 7 ■
RA[ 5 ] *RA[ 8-] *RA[ 9]); "• " " • • '//'fefefefe’ ■
MXT: =D*RA[ 3]*RA[8]-E*(RA[8]*(RA[ 3]*RA[ 6] +RA[4] *RA[5] *RA[ 10] ) + . fe fefe ‘
RA[5]*RA[7]*RA[9]); , " « • ■' ' ; fe7 fe .fe
MXZ: =-D*RA[4 ]+E*(RA[4]*RA[6]-RA[3]*RA[3]*RA[ 10]); ' 4-‘ -• . ; ' ' Cfe ■ 7 7 7
m o d e l(m ) ' 'fefe.. . • , fe . f e  fe 7 fe-.
‘END’; • fe ' 77 - ' • , - .7 . fe 'V-fe* few
PE:=EO " ' . 7 . ’’ >>. "fe;
•END’; - v ‘ : fe- : 7 - ; .. J  V
SELECTINPUT(3); ■ fe- fefe ' fefe.
AGAIN:PAPERTHROW; ' , ' 'fefe; -7-,fe
WRITETEXT( • ( ”  ( 12C * ) 'DATA$SUPPLIED; ' ( ’ 2C1) » ») «); . .fefe :.fe
M:=READ;PRINT(M,4,6)jWRITETEXT(‘('MODEL$(M),('C‘)")')* . fe; 2 ..-./'fe ' fe;
P ; =READ;PRINT(P , 4 , 6); WRITETEXT( 1 ( *STATE$(P) ' ( ' C ' ) ' ») ‘ ) ; / ; ...fe, -fefe
U: =READ; PRINT(U,4,6) ; WRITETEXT( 1 ( 1 NC$OF$ROTATING$METHXLS$(U) fe Vfe f e w
’C *G*)1 ’) ' ) ;  fefe,; . 't
RB[ 1 ] : =READ; PRINT(RB[ 1 ] , 4 ,6) ; WRITETEXT( • ( ’METAL-C-METAL$ANGLE$ - 7 7.{j
(r b [i])’(’C ’)")«) j • f e  ' ; ' •' - fefe fe; '■
RB[2] : =READ; PRINT( RB [ 2 ] , 4,6 ) ; WRITETEXT( ’ (' G-LEAVING$METAL$DISTANCE$ ; fe.:-
(rb[ 2]$or$f) • (• c ’)")•); . . • - . .; j
' IF1 M=4 ’ OR1 M=5 1 THEN ’F : =RB[ 2] ; ■' /-fefe ]
'IF’P=1 ’THEN1 ’BEGIN’ ’ J7:V . J
v ‘ . *  ^ j
RB[ 2] : =READ; PRINT(RB[ 2] ,  4,6-) ; IffilTETEXT( ’ ( ’ C-ENTERING$META1$DISTANC ; ' ‘ " j 
(RB[2],(’C ’) * ’END’; 7 - ' fe.;''";-. .. 3
D:=READ;PRINT(D,4?6);IffiITETEXT( »( ’Dfe’C ’)’ ’)’)• ’ fe
E :=READ;PRINT(E, 4 , 6 ) ;WRITETEXT( ,(,E ,(’C ,)l,)f); : L' \
THETA1 : =READ; PRINT( THSTA1,4,6); ¥RITETEXT( 1 ( 1THETA1 • ( ’ G ’) « «) *) ; , >' ' ' ) ,  [
THETA2: =READ; PRINT ( THETA2,4,6); TOITETEXT ( »( ’ THETA21 ( ' C1) 1 ‘ ) 1 ) ; . - fefe fe '■' ’ ' ] 
PHI1: =READ;PRINT(PH11,4,6); WRITETEXT( 1 ( •PHI’! * ( 1G *)1 ')1 ); * • ' fe J
‘ IFfM=6‘THEN’’BEGIN’ . -t. ‘.j
ALPHA; =READ; PRINT ( ALPHA ,4,6); WRITETEXT ( ’ (’ ALPHA1 ( ’ C 1) » ‘) ’); 1 END1 ’ ELSE1 ...'
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ALPHAs=0;
•IF»M=4'OR »M=5’THEN1'BEGIN'<
THETA3SPREAD;PRINT(THETA3,4,6);WRITETEXT(1(*THETA31( 1G ')*■)«); 
PHl3i«READ;PRINT(PHl3,4,6);WRITETEXT('(,X5HI3'('C')‘')»);
H :=READ;PRINT(H,4,6);WRITSTEXT('('TIN*-METHYL$DISTANG E$ (H )•(•C *)*')*); 
'IF‘P=1‘THEN*‘BEGIN1 . .
THETA4 s =READ; PRINT( THETA4,4,6); WRITETEXT( ' ( ' THETA4 ' ( 1C ')")') ;
PHI4: =READ; PRINT(PHI4,4,6) ; WRITETEXT( • ( ' PHI4 1 ( 1C' ) 1 ' ) ' ) ;
G; =READ; PRINT( G, 4,6 ) • WRITETEXT ( ' ( 'MERCURY-HALOGEN$DISTAIfG^(G) • --A
'(‘C ’) 'END "ELSE1
‘BEGIN*• •
THETA4:=0;
PHI41=0 ;
G:=0; ' -*
•END1;
• END "  ELSE1THETA3:=THETA4;=PHI3;=PHI4:=0;
NEWLINE(2); ‘ -
C:=0; ' . .
PI:=3.14159265359;
RA[ 1]:=180/PI;
RA[2]:=PI/180;
ALPHA:=ALPHA*RA[2]*0.5 5 
THETA1s «THETAi*RA[2];
THETA2: =:THETA2*RA[ 2 ] ; 
!PHETA3:=TnBTA3*HA[2],- - 
THETA4:=THETA4*RA[2]; 
PHI1:=FHI1*RA[2];’
PHI3 :=PHI3*Ra[2]; 
PHI4s=PHI4*RA[2];
RA[3]:=SIN(THETA1); 
RA[4]:=C0S(THETA1);
RA[5]:=SIN(THETA2)j 
RA[6]:=GOS(THETA2); 
RA[7];=SIN(PHI1); 
RA[8]s=G0S(PHH);
RA[11]:=SIN(RB[1]*RA[2]*0.5)J
' s r>? ■•*%» . t o/ . , t o - P
>■, _ ■ «, _ *r>.• • ";'-v j  ' •-"■ - .■ vtoto-KtoW'to-!
t o  < ,toA W>Aitototo aIT-a ; to to. to. a, a to to  tobtoAto: T AT 'WAtototototoito!
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ra[ 12]:=cos(rb[1]*RA[2]*0.5);
A:=tRB[2]*RA[12]; •
B :=RB[2]*RA[11];
RA[ 1 3] :=A+3QR1'( (2 .75*0 OS (ALPHA) )f2-B*B) ;
RB[13]: ~2.75*SIN(ALPHA);
*F0R'Q:=1,-1 »D0‘IA[q]:=1;
*FOR1N :=0'STEP11 *UNTIL'360'DO‘RE[N]:=0;
'FOR1N s =-21 STEP * 1 'UNTIL'3 6 0'DO'»F0R'Q:=1,-1 'DO'
'BEGIN * 1IF1Q=1 »THEN'PHI2:=N*RA[2]
*ELSE1PHI2:=(360-N)*RA[2];
0:=0; • •
* IF1N=-2'OR»N=-11 THEN * - . '
‘BEGIN‘RD[N,Q]:=PE(PHI2);
•GOTO'BI;
‘END’
!ELSE'RD[0,Q]:=PE(PHI2)j
'IF'RDt^Ql-RDt-l jQ ^ O ’AND'RDC-I ,Q]<0'THEN'
'BEGIN *IA[Q]:=1;
EMIN[q]:=RD[-1,Q];
RF[Q];=PHI2-RA[2]*Q;
* END';
'IF'RD[-2?Q]-RD[~1,q]<0,AND«RD[-1,q ]-RD[0,Q]>0,THEN»IA[q]:=1;
* IF'IA[Q,] =~ 1 1THEN'
'BEGIN1’IF'Q=1'THEN«RE[n]:=1. 3894*(RD[o, Q]~EI€EN[q] )/((E*(PHI2~ 
RF[Q])*RA[5])t2) *
'ELSE »RE[360-N]:=1.3894*(RD[o,Q]-EMIN[q])/( (E*PHI2-BF[Q])*RA[5]) 42)
* END ’; : " -
RD[-2t Q]:=RD[-1sq];
RD[~1 ,Q]:=RD[o,Q];
B 1:* END';
NEWLINE(2);
*FOR'N :=01STEP11'UNTIL'36O'DO1 
1 BEGIN'E2:=0; - - 
'F0R'0:=1'STEP'1 'UNTIL'U'DO1 
1BEGIN*E1:=0;
*F0RfQs=1'STEP'1 'UNTIL'S'DO'
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'BEGIN'E1:=E1+RG[Q,0,360-N];
' IF ’ Q=1 ' THEN '
’BEGIN’WRITETEX'J?(' ( "  ('C ’)'ME1)*) 
PRINT(0,1,0); • '?;/■' -
'END'; " ; • :
PRINT(RG[Q,0,360-N],7,0);
'END'; ; •
E2s=E2+E1;
PRINT(N,3,0);. , ■
PRINT(E1 , 7,0)j " :
'END';
PRINT(E2,7,0);
PRINT(RB[n ],7,0)j . . ■ '
•END’; *
M M N E ( 2 ) ;  / ; .•
'GOTO'AGAIN . . ’ ./"’fa, K
'END'; '
Order of data fo r  PROGRAM C052
Model (M)
State (p )
No. of methyl groups on the rotating carbon atom (u)
Metal-a-Carbon-Metal angle (RB[l]) ;
cc-Garbon-Leaving Metal distance (RB[2] or F) 
a-CarbOn-Entering Metal distance (RB[2])
Cct”Gp Bond length (for P-substituted groups) (D)
Gj3~GY bond length (for p~substituted groups) or fe-Cp bond length
(for a-substituted groups) (e )
Angle between Ga~GQ bond and the median line (180° for a-substituted 
groups; 109° 28' for p-substituted groups) (THETAl)
Angle between Gp-G bond and Ga~Gp bond (l09° 28‘ for a- and p- 
substituted groups'!) (THETA2)
Angle of rotation at which a C^atom resides when rotating C groups (PHI1) 
Angle between upper bridging Br, Hg, and lower bridging Br (only used . 
for model l ) - (ALPHA.)
•a-Carbon~Tin-Methyl angle (TIIETA3 )
Angle of rotation of the -SnMe^ group with respect to the Ga-Sn bond (PHI3)
Sn-Me bond length in the -SnMe group (h )'
a-Carbon-Mercury-Halogen angle (THETA4)
Angle of rotation of -HgX group with respect to the 0 -Hg bond (PHI4 )
ti &
Mercury-Halogen distance (g ) ‘
Examples of data for PROGRAM C052
For the Pr SnMe„ initial state:3
M = 4; P = 0; U = 2; RB[l] = 0; RB[2]‘ = 2.18; D = 0; E = 1.54; THBTA1 = 180;
THETA2 = 109.466667; PHI1 = 0; THETA3 = 109.466667; PHI3 = 60; H = 2.18
neoFor the Pe SnMe., transition state:3
M = 4; P = 1; U = 3; KB[i] = 89; F = 2.27; RB[2] =* 2.15; D = 1.54;. E = 1.54;
THETA1 = 109.466667; THETA2 = 109.466667; PHI1 = 0 ; THETA3 = 90; PHI3 = 60;
H-= 2 .1 6 ;  THETA4 = 110 ; PHI4 = 9 0 ; G = 2.33
Explanation of Model No. fo r  PROGRAMS C052 and G051 (see page 317)
Model No. Reaction
1 RHgBr + HgBr2 (Hughes and Volger transition state)
2 RHgBr'••+ HgBr2 + Br” (Hughes and Volger transition state)
3 RHgBr + HgBr^ + 2Br” (Hughes and Volger transition state)
4 RSnMe + Hg012
5 RSnMe + Hgl2
6 RHgBr + HgBr2 (Jensen and Rickhorn transition state)
7 RHgBr + HgBr2 + Br~ (Jensen and Rickborn transition state)
For more details, see Ref. 62
State No; 0 represents initial state; 1 represents transition state
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In all functions, r represents the distance between the 
interacting groups, in Angstroms, and the energies are in cal mol
127.6
6?Non-bonded p o ten tia l functions used in  th is  work
-1
Me/fac 23050 11880exp(-3.3295(r+0.205)) -
( r+ 0 .205$
Me/Cl 0.5|23050 11 880exp(-3.329(r+0.455))
127.6
+ 2146.20175
4 .2 6 8 \12 4.268
r+1.04 / ^r+1.04
( r+ 0 .455)'
Me/Br 0.5j23050 1 1880exp(-3.329(r+0.355)) -
127.6
+ 2146.20175 4.268\12 I 4.268
(r+0 .355)6
-
,r+0 .9 4 1 r+0.94
Me/Hg 23050 11880exp(-3.329(r+0.705)) -
127.6
+ 0.01x6756.561 2.90 \ 
r -0 o 245/
12
( r+ 0 .705)'
6i2.90
r-0 .245
Me/Sn 23050 11880exp(-3.329(r+0.585)) -
127.6
+ 0.01x6756.561 2.90 V 2
r - o / 3 6 5 1
(r+0.585)6 
6"2.90
r-0 .365,
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'BEGIN' 'REAL ' A, B, G,D, E,F, G, H, L, R, W, X, Y, Z,MXY,MYZ,I«1XZ, EO, PHI,PH11, 
PHI 3, PI-114, THETA1, THETA2, THETA3, TIIETA4, PI, OMEGA, ALPHA;
»INTEGER1M ,N ,P,U ,V,YSCALE;
'ARRAY1RA,RB[1:13];
•INTEGER1'ARRAY*TITLE[1:1o];
' INTEGER' NOGIIAR, NO SETS;
’REAL'1 PROCEDURE'ARCSIN(X); •REAL'X;'EXTERNAL';
'REAL''PROCEDURE'ARCCOS(x);'REAL'X;'EXTERNAL';
'PROCEDURE»STRARR(A,N,S); ‘ARRAY'A; 'INTEGER'N; 'STRING'S; 'EXTERNAL'; 
•PROCEDURE'HGPTAPE(L,BCD,IS,IG,IR);'INTEGER‘L,IS,IG,IR;
'ARRAY'BOD;'EXTERNAL';
•PROCEDURE'HGPLOTT(X,Y,IC,L) ; 'VALUE»X,Y; 'REAL'X,Y;
'INTEGER'IC,L;‘EXTERNAL';
•PROCEDURE'HGPAXISVT(X,Y,BCD,NC,S,THETA,XMIN,DX,GAP,NH);'VALUE«X,Y; 
'REAL'X ,Y,S,TIIETA,XMIN,DX,GAP;'INTEGER»NC,NH;'ARRAY* BCD;»EXTERNAL *; 
'PROCEDURE'ROMEGA(A,B ,C);
•VALUE'A,B,C;
'REAL'A,B,C;
* BE GIN' R : =S QRT ( ( A+MYZ ) * ( A+M YZ )+(B-MXZ ) * ( B-MXZ )+( C-MXY) *( C-MXY) ) ;
‘ IF' D <&-6' THEN»OMEGA:=ARCCOS ( ( A*A+B*B+G*C+E*E-J&*R)/(' 2*E*SQRT 
(A*A+B*B+C#0)))
•ELSE'
'BEGIN' 'IP'A<&-6 'AND 'B<&-61 AND 'C^-S 'THEN'OMEGA:=L ■ .
'ELSE'OMEGA:=L+ARCSIN((C*RA[7]-B*RA[8])/ 
SQRT(A*A+B*B+C*c-(A*RA[4]+HA[3]*(B*Ra[7]+C *RA[8]) )t 2));
'END';
'FOR»OMEGA: =OMEGA'WHILE'ABS(OMEGA)>PI 'DO' OMEGA: =2*PI-ABS(OMEGA);
'END«;
1 REAL « ' PROCEDURE 'MEMS( R);
'VALUE'R;
'REAL‘R;
•BEGIN»MEME:=23050*(11880*EXP(-3.329*(R+0.205))-127.6/(R+0.205)T6); 
'END';
'REAL''PROCEDURE'HGHG(R);
'VALUE'R;
PROGRAM CQ51 •
'REAL'R;
’BEGIN’HGHG:=6756.56l*((2.90/(R+0.255))ri 2-(2.90/(R+0.255))T6); 
’END1; ■ ‘ . ‘ '
’REAL "PROCEDURE’SNSN(R);
’VALUE‘R;
’REAL'R; ' '
’ BEGIN ’ SNSN 5=6756.561 *( ( 2.90/(R+0.255-0.24-0)) f 12-( 2.90/(R+0.255-
0.240))To); • ' •
’END’;
‘ REAL" PROCEDURE’GLCL(R);
’VALUE’R;
•REAL'R;
’BEGIN’CLCL;=2146•20175*((4.268/(R+1.09+0.2))t12~(4•268/(R+1.09+
0.2))T6);
• END•;
' REAL' ' PROCEDURE ’ BRBR(.R) ;
‘VALUE’R;
•REAL'R*
'BBGINtBRBR:=2146.20175*((4.268/(R+1.09))t12-(4.268/(R+1.09))t6). 
'END'; •
‘REAL''PROCEDURE’II(R);
’VALUE'R;
'REAL’R; • • -
•BEGIN’II:=2146.20175*((4.268/(R+1.09-0.22) )T12-(4.268/(R+1.09- 
0,22))t6);. ••
’END’; " - .
’ REAL" PROCEDURE’BH(R);
’VALUE’R;
’REAL’R;
’BEGIN’HH:=64.5+((3.06/(R+0.66))Tl2-2^(3.06/(R+0.66):)/r6);
’END’;
’REAL’’PROCEDURE»PNEN(EN1,FN2fV);
’VALUE’EN1,FN2;
’REAL’FNI,FN2;
1INTEGER’V;
•BEGIN’FNFN: = ‘IF1V=0’THEN’0,5 *(FN1+EN2)
ELSE ’ FN 1+0.01 *FN2;
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*END 1 *
'REAL1'PROCEDURE'I;
‘BEGIN11;s= * IF 'D<8<~6 'THEN12-1 .347564*R/(sqRT(R*R-0.54601781 * 
SIN ( OMEGA) *SIN( OMEGA) *( A*A+B*B+C*C )))
1ELSE'0'END';
»PROCEDURE'MODEL(M);
»INTEGER'M; . . . . .
•BEGIN "SWITCH'AA:=A1,A2, A3, A4,A5,A6,A7;
'GOTO'AA[m ] ;
*COMMENT'RHGBR+HGBR2;
A1:R0MEGA(A,-B,0);
'COMMENT'OUTGOING MERCURY ATOM;
EO:=EO+FNFN(MEME(R+I+O.5),HGHG(R+I-0.5),1)*COS(OMEGA*0.5) i
* IE'P=0'THEN1'GOTO•A7;
ROMEGA(A, B, 0 ) ;
•COMMENT'INCOMING MERCURY ATOM;
EO:=EO+FNFN(MEME(R+I+O, 5),HGHG(R+I-0.5), 1 )*C0S(0MEGA*0.5);
'GOTO’A7;
'COMMENT'RHGBR+HGBR2+BR-;
A2:R0MSGA(A,-B,0);
'COMMENT*OUTGOING MERCURY ATOM;
EO:=EO+FNFN(MEME(R+I+O„ 5 ),HGHG(R+I-0.5 ) ,1)*C0S(QMEGA*0.5) ;
'IF'P=0'THEN''GOTO'A7;
ROMEGA(A,-B-2.45,0);
* COMMENT'OUTGOING BROMINE ATOM;
EO s =EO+FNFN(MEME(R+0.15),BRBR(R-0.15),0)*COS(0MEGA*0.5);
ROMEGA(A, B , 0 ) ;
'COMMENT'INCOMING MERCURY ATOM;
EO:=E0+FNFN(MEME(R+I+O.5),HGHG(R+I-0.5),1)*COS(0MEGA*O.5); 
R0MEGA(A,B+1.4574,2.0577);
•COMMENT'INCOMING UPPER BROMINE ATOM;
EO:=:EO+FNFN(MEME(R+0.15),BRBR(R-0.15)f0)#C0S(0MEGA*0.5)J 
R0MEGA(A,B+1.4574,-2.0577)J 
'COMMENT»INCOMING LOWER BROMINE ATOM;
EO:=EO+FNFN(MEME(R+0.15),BRBR(R-0.15),0)*C0S(0MEGA*0.5) ; 
ROMEGA(2*A,0,0);
'COMMENT'BRIDGING BROMINE ATOM;
EO: = 11F'D <&-6'THEN'EO
1 ELSE'EO+FNFN(MEME(R+0.15) ,BRBR(R-0.15) ,0)*C0S'(0MEGA*0.5) ; . 
*G0T0'A7; ' - ■ - - •
'COMMENT1RHGBR+HGBR2+2BR-; • ' ■
A3;ROMEGA(A,-B,o );
'COMMENT‘OUTGOING MERCURY-ATOM;
EO: =EO+PNFN(MEME(R+I+O. 5 ),HGHG(R+I-0. 5)» 1 )*C0S(0MEGA*0.5) ;
«IF'P=0'THEN''GOTO'A7;
R0MEGA(A,-B-1.4574,2.0577);
1COMMENT'OUTGOING UPPER BROMINE ATOM;
EO:=EO+FNFN(MEME(R+0.15),BRBR(R-0.15),O)*COS(0MEGA*0.5); 
R0MEGA(a ,-B-1.4574,-2.0577);
'COMMENT'OUTGOING LOWER BROMINE' ATOM;
EO:=EO+FNFN(MEME(R+0.15),BRBR(R-0.15),0)*COS(0MEGA*0.5);
ROMEGA(A, B, 0 ) ; ' : .
'COMMENT'INCOMING MERCURY ATOM;
EO:=EO+FNFN(MEME(R+1+0.5),HGHG(R+1-0.5),1)OS(OMEGA*0.5); 
R0MEGA(A,B+1.4574,2.0577);
'COMMENT'INCOMING UPPER BROMINE ATOM;
EO:=EO+FNFN(MEME(R+0.15),BRBR(R-0.15),0)*COS(OM3GA*0.5); 
R0MEGA(A,B+1.4574,-2.0577);
'COMMENT'INCOMING LOWER BROMINE ATOM;
EO:=EO+FNFN(MEMS(R+0.15),BRBR(R-0.15),o)*COS(0MEGA*O.5); 
ROMEGA(2*AS0,0); '
•COMMENT'BRINGING BROMINE ATOM;
EO:='IF'B<&-61THEN•EO
*.'ELSE'E0+FNFN(MEME(R+0.15),BRBR(R-0.15),0)*COS(OMEGA*0.5);
1 GOTO'A7;
•C OMMENT'RSNME3+HGCL2;
A4:ROMEGA(F*RA[12],-F*RA[11],0);
1COMMENT'OUTGOING TIN ATOM;
EO:=EO+FNFN(MEME(R+I+0.38),SNSN(R+1-0.38),1)*0 OS(OMEGA*0.5); 
PHI:=PHI3; .
• FOR • PI-113; =PHI, PHI+2*Pl/3, PHI+4*Pl/3' BO»
' BEGIN' ROMEGA(F*RA[ 12]-H*(RA[ 12]*C0S(THETA3)-RA[ 11 ]*SIN(THETA3)* 
G0S(PHI3)),-F*RA[11]+H*(RA[11]*C0S(THETA3)+RA[12]*SIN(THETA3)*
COS(PHI3)),H*SIN(PHI3)*SIN(THETA3));
»C OMMENT1 OUTGOING METHYL GROUPS;
eo:=eo+fwen(meme(r),meme(r),o)*cos(ombga*o,5);
•END’; ■
PHI3:=PHI;
' IP»P=01 THEN *'GOTO'A7;
R0MEGA(A,B,0);
1G OMMENT•INC OMING MERCURY•ATOM;
EO: =E0+FNFN(MEME(R+I+O. 5.), HGH G(R+I-0.5) , 1 )*C0S(QMEGA*0.5) ;
PHI:=PHI4;
* FOR‘PHI4:=PHI,PHI+PI‘DO *
1BEGIN * ROMEGA(A-G*(RA[12]*C0S(THETA4)-RA[11]*SIN(THETA4)*COS(PHI4)), 
B-G*(RA[11]*COS(THETA4)+RA[12]*SIN(THETA4)*COS(PHI4)),
-G*S IN ( PHI4 ) 'X*S IN ( THETA4 ) ) ; '
1COMMENT * INCOMING CHLORINE ATOMS;■
EO:=EO+FNFN(MEME(R+O• 25 )»CLCL(R-0•25),0)*COS(OMEGA*0.5)J 
‘END';
PHI4:=PHI;
'GOTO *A7;
'COMMENT'RSNME3+HGI2;
A5 : ROMEGA(F*RA[12],-F*RA[11],0);
'COMMENT1 OUTGOING TIN ATOM;
E0;=E0+FNFN(M3ME(R+I+0.38),SNSN(R+I-0.38),1)*C0S(QMEGA*O.5); 
PHI:=PHI3;
»FOR1 PHI3s =sPHI, PHI+2*Pl/3, PHI+4*PI /3 ‘ DO1
1 BEGIN' ROMEGA( F*RA[ 12]~H*(RA[ 12]*C0S(THETA3)-RA[ 11 ]#SIN(THETA3)* 
C0S(PHI3)),~F*RA[11]+H*(RA[11]*COS(THETA3)+RA[12]*SIN(THETA3)* 
COS(PHI3)),H*SIN(PHI3)*SIN(THETA3));
‘COMMENT1 OUTGOING METHYL GROUPS;
EO:=EO+FNFN(MEME(R),MEME(r ),0)*C0S(0MEGA*0.5);
‘END*;
PHI3;=PHI;
‘ IF'P=01 THEN’'GOTO1A7;
R0MEGA(A,B,0);
‘COMMENT'INCOMING MERCURY ATCM;
EO:=EO+FNFN(MEME(R+I+O.5),HGHG(R+I-0.5),1)*C0S(0HEGA*0.5);
PHI:=PHI4;
•FOR‘PI-114 :=PHI ,PHI+PI 'DO'
'BEGIN*R0MEGA(A~G*(RA[12]*C0S(THETA4)-RA[11]*SIN(THETA4)*C0S(PHI4)), 
B-G*(IIA[ 11 ]*C0S(THETA4)+RA[ 1 2] *SIN( TIIETA4) *COS(PHI4) ) ,-G*SIN(PHl4)* • 
SIN(THETA4));
'COMMENT'INCOMING IODINE ATOMS;
EO:=EO+FNFN(MEME(R+0.04),11(R-0.04),0)*C OS(0MEGA*O. 5 );
•END'; .
PHI4 *=PHI;
'GOTO'A?; ;
'COMMENT'JENSEN AND RIGKBORN MODEL FOR RHGBR+HGBR2;
A6:ROMEGA(A,-B,0);
'COMMENT1OUTGOING NERCURY ATOM;
EO: =EO+FNFN(R+I+O. 5 ) ,HGHG(R+I-0.5) , 1 )*C0S(<3MEGA*0.5) ;
1IF«P=0’THEN "  GOT0'A7;
ROMEGA(A,-B-2.4 5,0);
'COMMENT'OUTGOING BROMINE ATOM;
EO:=EO+FNFN(MEME(R+0.15),BRBR(R-0.15),0)*COS(OMEGA*0.5) ; 
R0MEGA(A,B,0);
'COMMENT'INCOMING MERCURY ATOM;
EO:=EO+FNFN(MEME(R+I+O.5),HGHG(R+I-0.5),1)#COS(0MEGA*O.5);
ROMEGA(A,B+2.45,O);
'COMMENT'INCOMING BROMINE ATOM;
EO J =EO+FNFN(MEME(R+0.15),BRBR(R-0.15),0)*C OS(0MEGA*0.5);
romega(ra[1 3],o,rb[1 3]);
1 COMMENT'UPPER BRIDGING BROMINE ATOM; ’
EO: ='IF1D<&~6 'THEN'EO
'ELSE1EO+FNFN(MEME(R+0.15),BRBR(R-0.15),0)*C0S(0MEGA*0.5);
A7:’END';
•REAL'’PROCEDURE»PE(PHI2);
'VALUE'PHI2; .
'REAL'PHI 2;
'BEGIN'E0:=0;
'FOR'L:=PHI2'STEP'2*Pl/3'UNTIL *PHl2+(U-0.9)*2*Pl/31DO *
'BEGIN'RAtg]:=SIN(L);
RA[10]:=C0S(L); '
MXZ: =D*RA[ 3] *RA[ 7]-E*:(RA[ 3]*RA[6]*RA[7]+RA[4]*Ra[5]*RA[7]*RA[io]- 
Ra[ 5 ] '>i-RA[ 8 ] *RA[ 9 3; -
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MXY{=D*RA[ 3] *RA[8]-E*(RA[ 8] *(RA[ 3] *RA[6]+RA[5]*RA[ 10] )+RA[ 5]* 
'RA[7]*RA[9];; • - ■* • ' ■ '
MYZ: =D*RA[ 4 ]+E*(RIi[ 4] *RA[ 6 ]~RA[ 3] *RA[ 5 ] *1U[ 10 ] ) ;
M0DEL(lvl);’ •- ' " .
'END1;
PE:=EO;
* END1;
STRARR(TITLE,NOCHAR,«(«BARRIER/PLOT•)‘);
HGTAPE( 01 TITLE, 1 ,1,1) ;
HGTAPE(1,TITLE,0,0,0);
hgplott(o.0 ,0 .0 ,14,1);
NOSETS:=READ;
V:=-1;
. AGAIN:NEWLINE(25);
V; =' IF' V=1 'THEN'0'ELSE'V+1 ;
WRITETEXT('(1'(12G•)‘DATA/SUPPLIED:«(»2C')1') ' ) ;
M : =READ;PRINT(M ,4 ,6) ;WRITETEXT( ' ( 'MODEL/(m) '( 'C')")'); 
P:=READ;PRINT(P,4,6) ; WRITETEXT( ' ( 'STATE/(P) ' ('C ')")') J 
U:aREAD;PRINT(U,4 ,6);WRITETEXT( ‘ ( 1 N^OF/ROTATIN^METHYLS/(u) '( »G') ' ') '); 
HB[l]s=READ;PRINT(RB[1],4 ,6);WRITETEXT('(•METAL-C~METAL/ANGLE/(RB[1]) A .
* ( 1 c *) * *)*); ■
RB[2] :=READ;PRINT(RB[2] ,4,6);WRITETEXT( • ( »C-LSAVING/MSTAL/DISTANGE ' ;/
/(RB[2]/0R/F)«(»C')'') '); '
1IP *M=41 OR’M=51THEN1P :=RB[2];
1IF'P=11 THEN'* BEGIN'•
HB[2]:=READ;PRINT(RB[2],4,6);WRITETEXT(1(1C-ENTERING/METAL/DISTANOE. 3. 
/(RB[2]’('G*)")'); 'END 1;
D : =READ;PRINT(D,4 , 6); WRITETSXT( '('D»('C ')«')«); , • *  '
E:=READ;PRINT(E,4,6);WRITETEXT(•(fB*(1C•) ")');
THETA1 : =READ; PRINT( THSTA1,4,6); WITSTEXT( «( ' THETA1 1 ( 1C 1).1 1) '); 
THETA2:=READ;PRINT(THETA2,4,6);WRITSTEXT( 1 ( 1THETA21 ( *G 1) * ') ' );
X:=READ;PRINT(X,4, 6); WRITETBXT( 1 (’ INITIAL/VALUE/O^PHIl/(x) «( 1C ')")') ;
Y:=READ:PRINT(Y,4,6);WITETEXT( '( »STEPPIN^VALUS/0I!^PHI1/(Y) '( »C‘) * ')');
Z; =READ; PRINT ( Z, 4,6 ) ; WRITETEXT ( ’ ( 1 PINAL/VALU^OP/PHI 1 /( Z ) * ( 1C ' ) ’ ') » ) ; "
'IF 'M=6!THEN•'BEGIN'
ALPHA:=READ;PRINT(ALPHA,4,6);V/RITETEXT(1('ALPHA'('C')1')»); 'END''ELSE' 
ALPHA:=0;
1 IP1 M=4 ' OR'M=5 'THEN "BEGIN * •
THETA3: =READ; PRINT(THETA3,4,6); WRITETEXT(1 ( 1THETA3'(' C ')")'); 
PHI3:=READ;PRINT(PHI3,4,6);WRITETSXT(1('PHI3'(«C1)»')');
H : ==READ;PRINT(H ,4,6);WRITETEXT(1('TIN-METHYL$DISTANG E$(h )»(1C ')
'IX" P=1 'THEN "BEGIN* • . .
THETA4i=READ;PRINT(THETA4,4,6);WRITETEXT('(*THETA4«(‘O') ")'); 
PHI4: -READ; PRINT(PHI4,4,6); WRITETEXT( ' ( 1PHI4' ( * C ') "  ) ’ ) ; 
Gs=READ;PRINT(G,4,6);WRITETEXT( '( «MERCURY-HALOGEN^ISTANGE(.G)‘; b 
'( *C •)")'); 'END "ELSE1 . V.:
1 BEGIN1 - - v ‘"to ‘
THETA4:=0; ..' • / •; to
PI-114: =0; • A - -' ■
G:=0;•
'END';
»END "  ELSE«THETA3; =THETA4: =PHI3*. =PHI4: =0;
YSGALE: =READ;PRINT(YSCAL2,4 ,6) ;WRITETEXT( ' ( 'YSCALE' [ *C ')")') ; 
NEWLINE(2) ; • . ‘to- • .
C:=0; v • '  to'v;
,PI:=3.14159265359;
RA[ 1]:=180/PI; • '
RA[ 2] :=Pl/180;
ALPHA:=ALPHA*RA[2]*0.5;
THETA1 :=THETA1*RA[2]; / ' to
THSTA2:=THETA2*RA[2]; ■ '
THETA3:=THETA3^RA[2];
THETA4: =TIIETA4*RA[ 2];
PHI3:=PHI3^RA[2]; ' '
PHI4 :=PHI4*RA[2];
HA[3]:=SIN(THETA1); to
RA[4]:=C0S(THETA1);
RAC 5] : =SIN(THETA2); to-
RA[6]:=G OS(THETA2);
RA[h ]:b SIN(RB[i]*RA[2]*0.5); .
RA[l2]:=COS(RB[l]*RA[2]*0.5); ,
A:=RB[2]*Ra [12]; - '• "
B : =RB[2]**RA[ 1l]; ' b.,.
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RA[13];=A+SQRT((2.75*003(ALPHA))T2~B*B); 
RB[l3]s«2i75*SIN(ALPHA);
HGPLOTT(0. 0,0.75,0,4);
3TRARR(TITLE, NOCHAR, * ( »ANGLE$OF$ROTATION$(DEGREE«) *) J 
IIGPAXI3VT(0.0 ,0 .0 ,TITLE,-NOGHAR,9.0,270.0,0.0,30.0,0.75,-2) 
STRARR(TITLE,NOCHAR,'(* ENERGY$(fiAL$PER$MOL)')'); 
HGPAXISVT(0.0,0.0,TITLE,NOGHAR,5.0,0.0,0.0,YSGALE,1.0,-2);
'FOR1 PH11 ;=:X*iiA[2] 'STEP'Y*RA[2] 'UNTIL'2*RA[2] 'DO1 
»BEGIN'RA[7]:=SIN(PHIi);
Ra [8]:=C0S(PHH);
hgplott(o.0 ,0 .0 ,3,0)j
'FOR'NjsO'STEP M * UNTIL ‘ 9 0 0 1 DO 1 ’BEGIN U-/:=PE(N^P 1/4 5 0);
' IF * W>5*YSCALE' THEN1W: =5'*YSCALE; .
HGPLOTT(w/YSCALE,-N/l00,2,0);
’END’;
•END1;
HGPL0TT(0.0,-12.5,3,0);
NOSETS:=N0SETS-1;
1IF‘N0SETS=O1THEN1’GOTO1FINISH;
1IF »V#11THEN1’GOTO'AGAIN;
HGPL0TT(8.0,0.0,3,0);
HGPL0TT(0.0,0.0,0,2);
•GOTO'AGAIN;
FINISH:HGPLOTT(0.0,0.0,0.0,5);
HGTAPE(2,TITLE,0,0,0); 
f END’;
1END1;
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The data input for this program is the same as that' for PROGRAM C052, 
with the following two exceptions:
Instead of on© number-PHI1, three numbers are used. The first is
the'value of PHI1 required at the start, and the second number
is the stepping value of PHI1. The third number is the final
value of PHI1 required. Thus, if it is required to vary the
value of PHI1 through the angle 45°, starting at 0°, and to
observe graphically the subsequent variation in the rotational
energy barrier, for the secondary butyl group, these items of data
would be 0 5 45. The graph would then be plotted for PHI1
equal to 0°, 5°, 10°, 15°, etc., up to 45°. For the usual a-
and (3-substituted alkyl groups, the numbers used are 0 5 0,
so that only PHI1 = 0 is used in the calculations.
The other-difference is that the final item of data is the value
of YSCALE, which determines the scale of the ordinate (the
energy axis) on the graph. Thus, a value of 500 will result in/a
—1rotational energy barrier with 500 cal mol represented as 1".
Order of data fo r  PROGRAM C051
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PROGRAM CQ5P 
1BEGIN "  INTEGER1D,J,P,Q,N,ALK,ST;
' R S AL1H , PI, M , R, K , M¥, E, T, P, S Wl, NE'WF, C, M AX;
H:=6.624^-27; ■
PIs=3.1416;
M:=1.6605&-24;
R;«1.9872;
G:=1 .43938(16;
Di=READ;
'FOR'J:=1'STEP'1'UNTIL'D'DO»
'BEGIN'K:=READ;
MW:==READ;
P:=READ;
MAX:=READ;
E:=H*C*S QRT(K/(M*MW))/(2*Pl);
Q:=0;
V/RITETEXT( ' ( ’ CODE:/ETHYL=1?$ISO-PROPYL=2//TERT-BUTYL=3//N-PROPYL=4 
?$IS0-BUTYL=5//NE0-PENTYL=6//lNITlAL/STATE=0?$
TRANS IT I ON/oS TATE= 1 ' ) • ) ;
NEWLINE(2);
WRITETEXT( ' (  »ALKYL/GROUP//' )  ' )  j '
ALK:=READ•
PRINT(ALK,1,0);
NEWLINE(l);
WRITETEXT('(«STATE')’);
ST:=READ;
PRINT(ST,1,o ) j 
NEWLINE(l);
WRITETEXT(’(1VALUE/OF/K//')*);■
PRINT(K,0,4);
NEWLINE(2);
NEXT:T:=READ;
WRITETEXT(1('TEMPERATURE//')');
PRINT(T,3,3); •
NEWLINE(2);
F:=1 ;
SUM:=0;
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N:=0 ;
WRITETEXT ( ' ( 1 LEVEL$$$$$$ENERGY/'$$$$$$IN^^
FRAG TION$$$TOTAL$FRAC TI ()N$$ANGLE/$>PRODUCT») '); 
NBWLINE(2)j
AGAIN s' IF '(E*(N+0.5))> MAX'THEN»
'GOTO'TEMP 
'ELSE'
PRINT(N,3 ,0 );
SPACE(3 );
PRINT(E*(N+0.5),4,1);
SPACE(3 );
PRINT(E*Nf4,1);
SPACE(3 );
PRINT(E*N/(R-*T),2,4);
SPACE ( 3);
NEWF:aEXP(-E*N/(R*T));
PRINT ( (F-NEV/F) ,1,6); .
SUM: s=SUM+F—NE WF;
PRINT(SUM,1,6)j 
NEWLINE(1)•
F :=NEWF;
N:=N+1;
'GOTO'AGAIN;
TEMP:PAPERTHROW;
Q:=Q+1;
'.IE' Q P 1 THEN' ' GOTO 'NEXT 
•ELSE "GOTO'STOP;
STOP:'END';
'END';
.'END';'
ORDER OF DATA FOR PROGRAM C0.5D
Number of sets of data 
For each set of data:
K (value of force constant for the rotational system)
MW (value of the molecular weight of the rotating system 
terminal methyl groups multiplied by 15)
Number of. temperatures to be used
Maximum energy to which energy-levels are required
Alkyl group under consideration (l to 6)
Initial state or transition state (0 or l)'
Values of temperatures
EXAMPLE.OF DATA /
■ jL ,For Bu transition state , ' / -• •. ’
1 t o r  . - . t o  . . '  : ' '  • ' '■
12000 ’ - I  ‘ , - . ; - • . ' -
30 . . . ; ; ;  / ‘- ' t o ' '■ ‘ - - . ,
10000 '■■■* , '4;• • ■. ;
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